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INTRODUCTION

Alcohol consumption by women is one of several important risk factors for breast cancer (BC) that may
promote BC through reactive oxygen species (ROS) induced carcinogenesis. Alcohol metabolism is known
to produce ROS, and epithelial carcinoma of the breast is associated with high levels of hydroxyl radical
(.OH) modified DNA, point mutations, single strand nicks, and chromosome rearrangement. Furthermore,
ROS modification of DNA can produce the mutations and DNA damage found in many types of BC. ROS
damage to breast DNA can be potentiated by accumulating iron and in conjunction with the diminished
antioxidant defenses in breast tissue with advancing age thereby exacerbate the risk for ROS induced breast
cancer. Our preliminary studies revealed that alcohol dehydrogenase (ADH), aldehyde oxidase (AOX), and
xanthine oxidoreductase (XOR) are expressed and regulated in breast tissues. Mammary gland XOR and
AOX were efficient sources of the ROS, hydrogen peroxide and superoxide anion. Furthermore, XOR and
AOX were found to generate ROS in two ways from alcohol metabolism: by acetaldehyde consumption and
by an intrinsic NADH oxidase activity of XOR and AOX. We proposed that: (1) expression of ADH, XOR
and/or AOX in breast tissue provides the enzymes that generate ROS; (2) metabolism of alcohol produces
acetaldehyde and NADH which can both be substrates for XOR and/or AOX and thereby result in ROS
formation; and (3) ROS generated by XOR or AOX can induce the carcinogenic mutations and DNA
damage found in breast cancer. The presence of elevated iron and diminished antioxidant status in breast
tissue with greater age have provided additional support for the role of ROS in breast carcinogenesis.

BODY
Our Original Technical Objectives Were The Following:

To characterize ROS production by XOR and AOX purified from mouse mammary glands.

Much of our effort over the period of this grant was devoted to characterizing the ROS generating enzymes
XOR and AOX from rat and mouse mammary glands, and this has resulted in numerous publications
(References 29,32,33,35,37). This enzymology component has focused largely on XOR which was purified
and characterized in the mammary gland. Nonetheless, both enzymes will utilize acetaldehyde as an efficient
substrate for ROS formation. In addition, expression and regulation of XOR in mammary gland has been
analyzed. Importantly, we have observed that XOR in the mammary gland is subject to regulation by
lactogenic hormones and several cytokines and growth factors. Regulation of XOR expression was recently
published (33,35). Characterization of mammary gland AOX was complicated by the observation that 40X
is encoded by a multi-gene family (AOX1-4) that exhibits marked tissue specific expression. This work will
be presented in review form in 2003 with support from this grant noted. Characterization of the AOX1 gene
expression and regulation progressed significantly throughout the period of support of this grant.
Importantly, AOX1 is evidently the dominant AOX expressed in mammary tissue. Furthermore, we
discovered that in humans most AOX genes have been reduced by sequence drift to become pseudogenes.
While this may simplify some aspects of this analysis, it also suggests that rodent models of human disease
may significantly differ from “real” human disease. As described below expression analysis of AOX and
XOR has suggested that each enzyme may be uniquely regulated in the mammary gland and therefore
responsible for ROS generation at different times and under different circumstances.




To determine the contribution of XOR and AOX to the damage and modification of DNA, specific
proteins, and lipids in cultured mouse mammary epithelial cells and in whole mouse mammary
glands.

We began the studies directed at ROS mediated damage to mammary cells by first measuring ROS
generation after activation of cells in culture. These experiments derived from those initiated in the last
specific aim because they reflected the activation of XOR by additional mechanisms. We have measured the
ROS sensitive fluorescence indicator dichlorofluorescene-diacetate (DCFH) in epithelial cells following
activation by several cytokines thought to activate XOR or AOX. Presently, we find IL-1 inducible DCFH
fluorescence can be inhibited in epithelial cells by allopurinol, an inhibitor of XOR. Thus XOR dependent
ROS generation can be induced in epithelial cells by IL-1. This will have significant impact on the course of
our experiments because the mammary gland and mammary epithelial cells are highly responsive to IL-1,
and these data suggest that one consequence of this sensitivity is the generation of potentially cytotoxic ROS.

A vital aspect of the work supported by this grant concerned the conversion of XOR from D-form to O-
form. XOR is synthesized as a dehydrogenase (XD) that is a poor source of ROS inasmuch as its reducing
substrate is NAD+. It can be converted into O-form by several mechanisms and in this form will utilize
molecular oxygen as a reducing substrate to generate ROS. We were concerned with several aspects of the
conversion process. One of these concerned the structural mechanisms of conversion and this was recently
published (37,38). We were also concerned with the biological basis of conversion in general, and have
discovered that some cytokine combinations will both activate XOR expression and convert the enzyme in
vivo to nearly 100% O-form. This data are in preparation for publication at the present moment (39).
Importantly, they suggest a link to inflammation as a process that can both activate XOR expression and
promote conversion to O-form.

Alcohol metabolism is anticipated to modulate gene expression in epithelial cells and possibly expression
of those genes important for alcohol breakdown and ROS generation. Accordingly, we have initiated
analyses of the promoter regions for human, mouse, and rat XOR and human AOX1. Promoters for each of
these genes have been cloned and fused to reporter genes and used to transfect epithelial cells in tissue
culture. Presently these studies indicate that XOR is subject to very complex regulation in epithelial cells.
Transcription can be induced from promoter fusions by (a) Jactogenic hormones, (b) IL-1, (c) IL-6, and (d)
hypoxic growth. AOX is also subject to complex transcriptional activation. Its basal promoter is activated by
Sp1/Sp3 transcription factors and the gene is sensitive to activation by several cytokines and growth factors.
Importantly, in the mammary epithelium, AOX can be transcriptionally activated by TGF-beta and EGF, two
growth factors with great significance to development in the mammary gland. Furthermore, regulation in the
mammary gland is opposite to that occurring in lung epithelium. However, these studies do confirm
induction of AOX and XOR gene expression in the mammary epithelium by cytokine and growth factors
known to have important affects on the mammary gland, known to be affected by alcohol metabolism, and
known to be primary cytokines mediating tissue inflammation. These observations suggest a possible link to
inflammation as a mechanism for marked elevation in ROS production in the mammary gland.

To determine whether the metabolism of alcohol contributes to DNA and protein damage and
modification resulting from the action of XOR and AOX.




Two pertinent aspects of this work have been the major foci of our efforts. First, it has become clear that the
biological dynamics of XOR in the mammary gland are intimately involved with its capacity to convert from
D-form to O-form and as a result considerable research effort has been invested in analysis of some of these
basic regulatory processes. In particular, the dynamic relocalization of XOR to the plasma membrane
following hormone stimulation has been described in detail and prepared for publication as the following
manuscript (38).

The second area of focus has revolved around analysis of expression of rat and human XOR in
mammary epithelial cells. Our present data reveal that XOR gene expression is highly regulated by several
cytokines that clearly identify XOR as an acute phase gene. In particular, cytokine combinations that are
most frequently associated with tissue inflammation were found to be potent and synergistic activators of
XOR gene expression in mammary epithelial cells. Furthermore, the same cytokine combinations found to
activate XOR gene expression were found to potentiate conversion from D-form to O-form as well.
Importantly, little evidence could be garnered for activation of XOR gene expression by the products of
alcohol metabolism. While the enzymes can use these products as substrates for ROS production, the genes
will be activated by indirect mechanisms, possibly reflecting the dynamic shifts in cytokine production
induced by alcohol metabolism. As a result, studies have been initiated to determine the role of inflammation
itself in breast cancer and the possible potentiation of ROS production during alcohol metabolism by
inflammation and inflammatory mediators.

KEY RESEARCH ACCOMPLISHMENTS

> We have purified XOR and AOX from mammary gland tissue in rats and mice and have extensively
characterized XOR by enzymological criteria resulting in numerous publications.

» We have detected ROS generation by XOR in epithelial cells using cytokine induced DCFH
fluorescence.

» We have analyzed the structural and biological determinants of conversion of D-form XOR to O-form
XOR resulting in key publications.

» We have identified mouse and human mammary epithelial cells that express the ROS generators XOR
and AOX in cell culture (HC-11 and HB-4a.) where expression of these enzymes has been analyzed
extensively.

» We have cloned, sequenced, and characterized promoter domains for human, mouse, and rat XOR and
human AOX and have analyzed mechanisms of transcriptional regulation in mammary epithelial cells.
Importantly, these data reveal activation of these genes by cytokine mediators of inflammation
suggesting a potentially vital link between BC and inflammation.
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REPORTABLE OUTCOMES

1. Mammary gland and mammary epithelial cells in culture express genes responsible for ROS generation.
Importantly, genes for both XOR and AOX were found to be activated in mammary glands and
mammary epithelial cells.

2. The human XOR gene, encoding the ROS generating enzyme xanthine oxidoreductase, is activated in
mammary epithelial cells by cytokines and hormones known to have significant affects in mammary
gland development. Activation by cytokines was accompanied ROS generation that could be inhibited by
XOR specific inhibitors. Thus, XOR has been found to be an inducible source of ROS in epithelial cells.

3. The human AOX gene, encoding an enzyme highly related to XOR and capable of significant ROS
generation was also found to be expressed in mammary epithelial cells. Furthermore, its gene was found
to be activated by a group of transcription factors, the Sp family, known to be important for mammary
gland development and to be of particular significance for alcohol metabolism.

4. Analysis of genes and mechanisms of gene expression for human, mouse, and rat XOR and human AOX
have revealed activation of these genes by cytokine mediators of inflammation suggesting a potentially
vital link between BC and inflammation.

CONCLUSIONS

The potential for AOX and XOR to contribute to ROS generation in the mammary gland and ultimately to
BC has been strengthened by the work supported by this grant. Both genes are activated in mammary glands
and in mammary epithelial cells. Both enzymes can utilize the products of alcohol metabolism to generate
hydrogen peroxide and superoxide radical. Activation of each gene is distinct, therefore it is likely that they
contribute to ROS generation at different times and following different stimulation. In the mammary gland
XOR is regulated by lactogenic hormones and inflammatory cytokines suggesting a potential link to
mammary gland inflammation. Furthermore, structural and biological mechanisms for conversion of XOR
from D-form to O-form have been described that underlie the capacity of XOR to promote ROS formation.
Thus, the argument that that either AOX or XOR may contribute to ROS generation in the mammary gland
during alcohol metabolism has been strengthened and a potentially vital link between ROS generation and
mammary gland inflammation has been identified as well.
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ALCOHOL-INDUCED BREAST CANCER: A PROPOSED MECHANISM
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Abstract—Alcohol consumption increases the risk for breast cancer in women by still undefined means. Alcohol
metabolism is known to produce reactive oxygen species (ROS), and breast cancer is associated with high levels of
hydroxyl radical (OH) modified DNA, point mutations, single strand nicks, and chromosome rearrangement. Further-
more, ROS modification of DNA can produce the mutations and DNA damage found in breast cancer. Alcohol
dehydrogenase (ADH) and xanthine oxidoreductase (XOR) are expressed and regulated in breast tissues and aldehyde
oxidase (AOX) may be present as well. Mammary gland XOR is an efficient source of ROS. Recently, hepatic XOR
and AOX were found to generate ROS in two ways from alcohol metabolism: by acetaldehyde consumption and by the
intrinsic NADH oxidase activity of both XOR and AOX. The data obtained suggests that: (1) expression of ADH and
XOR or AOX in breast tissue provides the enzymes that generate ROS; (2) metabolism of alcohol produces acetaldehyde
and NADH that can both be substrates for XOR or AOX and thereby result in ROS formation; and (3) ROS generated
by XOR or AOX can induce the carcinogenic mutations and DNA damage found in breast cancer. Accumulation of iron
coupled with diminished antioxidant defenses in breast tissue with advancing age provide additional support for this
hypothesis because both result in elevated ROS damage that may exacerbate the risk for ROS-induced breast
cancer. © 1998 Elsevier Science Inc.

Keywords—Free radical, Xanthine oxidase, Aldehyde oxidase, DNA damage, Breast cancer, Carcinogenesis, Alcohol
consumption

INTRODUCTION estrogen metabolism [4—6]), tobacco smoke [7] and al-
cohol consumption constitute recognized risk factors.
Recent studies confirm the significant association be-
tween alcohol consumption and breast cancer. Analysis
of 322,467 women, including 4,335 cases of invasive
breast cancer evaluated for up to 11 years, revealed a
41% increase in the incidence of breast cancer by alcohol
consumption, and this association was dose dependent up
to a dose of 30—60 g alcohol/day [8]. This observation is
consistent with several previous studies that revealed an
increased risk for breast cancer by alcohol consumption
ranging from 20-89% [9-15].

Although alcohol consumption has been recognized to
increase the incidence of breast cancer in women, no
underlying biochemical mechanism has been proposed.
We hypothesize herein that reactive oxygen species
(ROS) generated from the combined action of alcohol
dehydrogenase (ADH) and xanthine oxidoreductase
(XOR) mediate alcohol-induced damage to DNA con-
tributing to carcinogenesis and breast cancer.

Alcohol consumption increases the risk for breast
cancer

Breast cancer is the result of a complex, multi-stage Alcohol metabolism produces ROS

process [1] in that hereditary susceptibility [2,3], age [3],

Address correspondence to: R. M. Wright, University of Colorado
Health Sciences Center, 4200 East 9th Avenue, Campus Box C-322,
Denver, CO 80262, USA; Tel: 303-315-4593; Fax: 303-315-3776;
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Ethanol can be converted to acetate by a simple, two
step reaction involving the combined activities of ADH,
that produces acetaldehyde, and the molybdenum hy-
droxylase enzymes, XOR and/or aldehyde oxidase
(AOX), that produce acetate from acetaldehyde. Both
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XOR and AOX can generate ROS. Although acetalde-
hyde also can be metabolized by aldehyde dehydroge-
nase (ALDH) to produce acetate, this reaction does not
form ROS. In the following discussion, we have used the
term “reactive oxygen species” to denote three partial
reduction products of oxygen: the superoxide anion
(0,"7), hydroxyl radical ('OH), and hydrogen peroxide
(H,0,). Metabolism of alcohol has been recognized to
produce ROS during acute alcohol toxicity of the liver
that has been directly associated with increased ROS
damage to DNA leading to DNA modification and strand
breakage [16]. Importantly, considerable evidence has
been marshaled to indicate that oxidative injury resulting
from alcohol toxicity of the liver and pancreas is medi-
ated by ROS generated from the combined activity of
XOR and AOX [16-19]. We suggest that a similar pro-
cess may contribute to the development of breast cancer.

Breast cancer is associated with high levels of "OH
modified DNA

DNA from invasive ductal carcinoma of the breast
contains extensive "OH modifications that include "OH
adducts of adenine, guanine, cytosine, as well as single
and double strand breaks [20-22]. "OH modification in
breast cancer DNA was elevated between 8 and 17 fold
over normal tissue DNA [20] and as many as one base
lesion in 46 normal bases has been reported [21]. Fur-
thermore, "OH is of paramount concern for breast carci-
nogenesis because "OH, but not O,” or H,0, [23] can
modify DNA to produce several "OH adduction products,
base deletions, single strand and double strand breaks
[20—27]. Importantly, ‘OH modified DNA has been di-
rectly linked to the progression of human breast cancer
and provides excellent prognostic information on the
progression of breast cancer [22].

Considerable evidence supports a role for alcohol
metabolism in carcinogenesis that invokes direct toxicity
of acetaldehyde [28-36]. However, acetaldehyde toxic-
ity alone fails to account for the spectrum of DNA
alterations found in breast cancer, and in particular, fails
to account for the generation of transition and transver-
sion mutations, single and double strand breaks, and ‘OH
modified DNA. We propose that the presence of a highly
efficient enzyme system that can further metabolize ac-
etaldehyde may significantly elevate the risk for ROS
damage in breast tissues, and these data would be con-
sistent with a reduction in the incidence of breast cancer
by diets enriched in antioxidants [37-39].

THE XOR HYPOTHESIS

Our hypothesis is shown schematically in Fig. 1. We
propose that: (1) expression of ADH and XOR in breast

Ethano! + NAD*

A

Acetaldehyde + NADH+H

Acetate

DNA modification and

carcinogenesis

Fig. 1. The XOR hypothesis. The action of ADH on ethanol in the
breast produces acetaldehyde and NADH both of which can be sub-
strates for XOR. Reduction of XOR by either acetaldehyde or NADH
results in ROS formation when XOR is subsequently oxidized by
molecular oxygen. The resulting superoxide anion and hydrogen per-
oxide can participate in Fenton chemistry yielding hydroxyl radical, the
primary ROS that produces DNA damage and mutation.

tissue provides enzymes that generate ROS; (2) metab-
olism of alcohol produces acetaldehyde and NADH that
can both be substrates for XOR and thereby result in
ROS formation; and (3) ROS generated by XOR can
induce the carcinogenic mutations and DNA damage
found in breast cancer tissue. The following discussion
provides evidence for each of these points. Furthermore,
the role of elevated iron and diminished breast antioxi-
dant status with greater age provide additional support
for this hypothesis.

ADH and XOR are expressed in breast tissues

An explicit condition of the present hypothesis is that
ADH and XOR or AOX must be present in breast tissues
in sufficient abundance to promote ROS formation from
alcohol. ADH is expressed in breast tissue. Although
most abundant in the liver, ADH activity has been mea-
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sured in normal human breast specimens where it was
found to yield 23.8 (SD * 1.6) IU/gram of tissue. ADH
levels were not markedly altered by carcinoma when
compared to adjacent normal tissue [40].

XOR is also expressed in breast tissue. XOR is de-
rived from the breast by native secretory processes [41]
and is routinely prepared from bovine or human milk
where it constitutes a large proportion of the total protein
mass [42,43]. XOR has been localized by immunohisto-
chemical methods to secretory epithelial cells of the
bovine mammary gland [44,45]. Human and mouse
mammary epithelial cells in tissue culture also express
XOR protein and XOR activity [46-48]. When induced
by lactation, XOR comprises between 1-2% of the total
mammary gland protein mass [47]. Furthermore, signif-
icant levels of XOR are expressed in the non-lactating
mammary tissue [47]. Thus, XOR has the potential to
comprise a substantial proportion of total breast protein.
Although the presence of XOR in breast tissue is also
unambiguous, we have been unable to detect substantial
levels of AOX activity, protein, or gene expression in
mouse mammary glands [49]. Thus, although either
XOR or AOX could contribute to ROS burden in the
human breast, XOR may be the more important enzyme.

Alcohol consumption may induce both ADH and
XOR genes by a common mechanism. ADHs comprise a
complex class of genes, ADH1-ADHG, that fall into
three enzymatic classes. Class 1 ADHs, ADHI1-ADH3,
are most pertinent to alcohol metabolism [50]. Class 1
ADH genes can be induced at the level of transcription
by chronic alcohol administration [51]. Genes encoding
XOR are induced 4080 fold by pregnancy and lactation
[47,48]. Regulation of XOR expression may be con-
trolled by STAT factors 3 and 5 that appear to mediate
mammary gland development [52,53], and potential
STAT factor binding sites can be found in XOR promot-
ers. However, further analysis of XOR promoter se-
quences also suggests the potential for coordinate regu-
lation with ADH. Transcription factors mediating class I
ADH activation include C/EBP, USF, Spl, NFl, and
HNF [50]. Strikingly, promoter sequences for human,
rat, and mouse XOR genes also contain recognition sites
for C/EBP, USF, Spl, and HNF [54-57]. These findings
support the intriguing possibility that ADH and XOR
genes may share some common modes of induction that
are possibly related to alcohol consumption.

XOR can generate ROS in two ways from alcohol
metabolism

Recent biomedical interest in the molybdenum hy-
droxylase enzymes has revolved around their capacity to
generate ROS that have been linked to numerous human
diseases [58-60]. Alcohol dependent ROS generation by

breast XOR could proceed by two independent mecha-
nisms: metabolism of acetaldehyde and NADH. Thus, it
may be of considerable significance that the action of
ADH on alcohol stoichiometrically produces NADH.
The mechanism of ROS generation by XOR and AOX is
now well understood [61,62]. H,0, and O, are gener-
ated directly from substrate reduced enzymes when di-
atomic oxygen acquires reducing equivalents from a
reduced flavin site. Rapid, two electron reduction pro-
duces H,0,, although kinetically slower univalent reduc-
tion produces O,"~ [61,62]. "OH is not a direct product of
enzyme catalysis [23,63], however it can be produced
secondarily in the Haber-Weiss reaction by interaction
with iron or copper in vitro or in vivo [24,64].

Acetaldehyde metabolism. XOR can undergo conversion
from an NAD" dependent “D-form” to an oxygen de-
pendent “O-form.” Conversion appears to be a tightly
regulated event in the mammary gland as the D-form
predominates in the tissue although nearly all of the
enzyme in milk is in the O-form [47]. It was long held
that ROS generation was a unique property of the O-
form. However, recent analysis of D- to O-form conver-
sion indicates that conversion per se is not necessary for
ROS generation by XOR [62]. Preparation of XOR from
bovine milk entirely in the D-form indicates that the
D-form enzyme can react with oxygen to produce ROS
at one third the rate of the O-form in the absence of
NAD™* [65]. Because D-form XOR has a strong prefer-
ence for NAD™ over oxygen as an oxidizing substrate,
the relative availability of NAD* or oxygen could be-
come an important determinant of ROS generation by
XOR [65]. Although XOR has been defined by its ca-
pacity to oxidize xanthine to produce uric acid, XOR can
also use numerous other compounds as substrates [61].
Because acetaldehyde is a substrate for both the D- and
O-forms of XOR, ROS generation by XOR during acet-
aldehyde metabolism could be a significant source of
ROS in breast tissue.

NADH oxidase activity of XOR. The nature of molybde-
num hydroxylases in human breast tissue is complicated
by reports that XOR in human milk is catalytically
inactive toward conventional substrates [43,66]. How-
ever, the molybdenum hydroxylase enzymes, AOX and
XOR, also possess kinetically efficient intrinsic NADH
oxidase activities [17,23,65,66]. XOR has a K, for
NADH of 2.8 uM, in contrast to its K, for acetaldehyde
that has been reported to be from 100 uM to 16 mM
depending on the source [61]. Also, the catalytic rate
constant for NADH oxidation by XOR in the presence of
oxygen is comparable to that for xanthine utilization and
reflects comparably efficient V. for both substrates
[65,66]. Thus, NADH would be a more efficient sub-



strate for XOR than would acetaldehyde in tissues ex-
pressing this enzyme. The NADH oxidase activity of
both molybdenum hydroxylase enzymes also generates
ROS [17,23,65,66]. Moreover, the ROS injury sustained
during alcohol toxicity of the liver appears to operate
entirely through the combined NADH oxidase activities
of XOR and AOX and injury appears to be mediated by
an iron dependent process [16—18]. Although human
XOR possesses low catalytic activity toward purine sub-
strates it has efficient NADH oxidase activity [43,65,66].
We suggest that NADH may be an important, but largely
overlooked, substrate for XOR in the breast and that the
intrinsic NADH oxidase activity of XOR may also gen-
erate ROS in the breast.

ROS modification of DNA can produce the mutations
found in breast cancer

In the absence of contaminating metals, DNA is re-
sistant to H,O, to a concentration of at least 10 mM [23].
Addition of only picograms of ferrous iron is sufficient to
convert H,0, into "OH and induce DNA modification
and single strand cleavage [24,26,64]. Thus, ‘OH is con-
sidered to be the ROS species that induces DNA modi-
fication and strand breakage. Although singlet oxygen
(0,"), an energetically activated form of diatomic oxy-
gen, can also induce the modifications considered here, it
probably has little relevance to alcohol toxicity [67,68]
and is not produced by the molybdenum hydroxylase
enzymes.

Hydroxyl radical induces numerous modifications to
DNA [20,23-27] including single base deletions, base
ring opening (largely adenine and guanine) [21] single
and double strand breakage, and adduction of bases to
form chiefly 5-OH-cytosine, 8-OH-guanine, and 8-OH-
adenine, although many other sites of "OH attack have
been identified [69]. Single strand breakage, for example,
would be estimated to represent no more than 10% of the
hydroxylation events [20,26,27,69]. Thus, no single mea-
sure of oxidative DNA damage fully represents the ex-
tent of DNA modification.

Metabolically derived oxygen-based ROS can be mu-
tagenic [70]. However, not all of the hydroxylation
events on DNA have proved to be mutagenic. For ex-
ample, base ring opening has not been linked to mu-
tagenesis, and single or double strand cleavage may be
more involved in chromosome deletion and rearrange-
ment. Interest has centered, however, on 8-OH-deox-
yguanosine (8-OH-dG) as an indicator of oxidatively
modified DNA that can be mutagenic [68,71]. 8-OH-dG
is a common and easily measured modification that is
markedly elevated in breast cancer [20-22]. G::C to T::A
transversion mutations have been specifically linked to
8-OH-dG in post replication cells [68,71], and current
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focus on 8-OH-dG reflects its great abundance in oxida-
tively modified DNA. 5-OH-deoxy cytosine can also be
mutagenic, producing C::G to T::A transition mutations
[72].

Oxidative DNA modification is most likely random,
and specific genetic targets for ROS generated mutations
in carcinogenesis of the breast have not been character-
ized. However, a number of somatic mutations have been
identified in breast cancer [73]. These include transver-
sion mutations of p53, BRCAI, and BRCAZ2. These key
genes have been linked to breast cancer progression
[74=77] and the mutations found in them can be pro-
duced by ROS [74]. Although the direct link between
alcohol-induced ROS modification of DNA and mutation
of these genes remains to be established, they should be
considered important candidates for alcohol-induced car-
cinogenesis because mutations in these genes could be
responsible for tumor initiation as well as tumor progres-
sion.

FURTHER SUPPORT FOR THE XOR MEDIATED ROS
HYPOTHESIS OF BREAST CANCER

Iron accumulation may potentiate ROS damage to
breast DNA

Iron can catalyze conversion of H,O, into “OH, the
primary ROS responsible for damage to DNA. Iron has
been recognized to potentiate carcinogenesis in several
different organ systems and is an important risk factor
for breast cancer [78,79,80]. For reasons not fully under-
stood, iron accumulates in intracellular complexes with
ferritin storage protein as a function of age. Thus, males
and females reveal progressive iron accumulation with
age that is especially enhanced in post-menopausal
women [81] whose incidence of breast cancer is in-
creased.

Importantly, serum and breast ferritin levels are sub-
stantially elevated in breast carcinoma [82,83] and have
been directly linked to mammary carcinogenesis through
ROS [83]. It has been suggested that elevated ferritin/
iron complexes may supply the unusual needs for iron
during proliferation of mammary tissue in normal or
breast carcinoma cells. However, the need for iron in
mammary gland cell growth may also substantially con-
tribute to an unusual risk for ROS mediated injury.

Diminished antioxidant defenses in breast tissue may
enhance ROS damage to DNA

All cells are subjected to a constant barrage of meta-
bolically derived ROS either from enzyme sources, of
which the molybdenum hydroxylases are only one ex-
ample, or from mitochondrial electron transport [84].
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Intracellular defenses against this oxidative onslaught are
numerous with a primary role attributable to the enzymes
superoxide dismutase (SOD), catalase (CAT), and the
glutathione (GSH) redox system [85]. The presence of
both efficient ROS scavenging systems and ROS gener-
ating enzymes has enabled the view of an oxidant/anti-
oxidant balance composed of these opposing elements.
Disruption of this balance by excessive ROS generation
or diminished ROS scavenging capacity will predispose
the cell to oxidative injury.

Levels of both SOD and CAT in mammary glands
from rodents and humans decline with age [86,87,88], as
do the levels of GSH in human mammary glands [89,90].
Furthermore, in mammary carcinoma tissues from hu-
mans and mice CAT levels are even more markedly
diminished [86,87]. The combination of age associated
diminished ROS scavenging and a potent mechanism for
ROS generation could promote excessive ROS injury of
the breast. We would argue that diminishing levels of
catalase with age in conjunction with naturally elevated
iron stores places mammary cells at unusual risk for
alcohol-induced ROS damage to DNA contributing to
mammary carcinogenesis.

DISCUSSION

We have proposed an explicit model for alcohol-
induced ROS generation that depends on the combined
activities of ADH and XOR. The direct action of cyto-
chrome p450 2E1 on ethanol in the mammary gland may
be an additional source of carcinogenic ROS [91,92].
Although the role of ROS in carcinogenesis is still being
defined, the amelioration of several cancers, including
breast cancer, by antioxidants underscores the impor-
tance of confirming this mechanism. Alcohol derived
ROS could contribute to several stages in breast cancer
development. For example, alcohol derived ROS could
act at an early stage of mutagenesis leading to tumor
initiation and breast cancer, at later stages of progression
and transformation to a cancer phenotype, or perhaps
affect cell proliferation. We have focused on the role
played by ROS in DNA modification and carcinogenesis.
However, potential effects on proteins such as the redox
sensitive transcription factors AP-1 and NF-xB may also
play important roles in transformation.

Improved understanding of the causes of breast cancer
could lead to improved diagnosis and treatment. The
realization that ROS may participate in the development
of breast cancer suggests that removing potentially car-
cinogenic ROS may have therapeutic value. Treatment
with ROS scavenging antioxidants, inhibition of critical
ROS generating enzymes like XOR, reduction of iron
intake, and reduced alcohol consumption by women in

the higher age dependent risk categories could signifi-
cantly modulate the incidence of breast cancer.
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Xanthine oxidoreductase (XOR) is a prominent com-
ponent of the milk lipid globule, whose concentration
is selectively increased in mammary epithelial cells
during the transition from pregnancy to lactation. To
understand how XOR expression is controlled in the
mammary gland, we investigated its properties and
regulation by lactogenic hormones in cultured HC11
mammary epithelial cells. XOR was purified as the
NAD*-dependent dehydrogenase by benzamidine-
Sepharose chromatography and was shown to be in-
tact and to have biochemical properties similar to
those of enzyme from other sources. Treating conflu-
ent HC11 cells with prolactin and cortisol produced a
progressive, four- to fivefold, increase in XOR activity,
while XOR activity in control cells remained constant.
Elevated cellular XOR activity was correlated with
increased XOR protein and was due to both increased
synthesis and decreased degradation of XOR. Prolac-
tin and cortisol increased XOR protein and mRNA in
the presence of epidermal growth factor, which
blocked the stimulation of B-casein synthesis by these
hormones. Further, hormonal stimulation of XOR was
inhibited by genistein (a protein tyrosine kinase in-
hibitor) and by PD 98059 (a specific inhibitor of the
MAP kinase cascade). These findings indicate that lac-
togenic hormones stimulate XOR and B-casein expres-
sion via distinct pathways and suggest that a MAP
kinase pathway mediates their effects on XOR. Our
results provide evidence that lactogenic hormones
regulate milk protein synthesis by multiple signaling
pathways. © 2000 Academic Press
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Helen Kleberg Foundation.
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Xanthine oxidoreductase (XOR)? is an important
metabolic enzyme; in vertebrates it catalyzes the oxi-
dation of wide variety of organic compounds and is
responsible for the conversion of xanthine to uric acid,
the rate-limiting step in purine degradation (1, 2). XOR
is a member of the molybdenum hydroxylase family of
proteins. It is composed of two identical 150-kDa sub-
units, which contain binding sites for molybdopterin,
iron, and flavin cofactors. The enzyme has been iso-
lated from a variety of sources, and biochemical and
genetic studies have shown that its general catalytic
properties, cofactor requirements, and primary struc-
ture have been phylogenetically conserved (1, 3). De-
spite its general importance in cellular metabolism,
XOR may have distinct tissue specific functions. It is
found at relatively high concentrations in milk from
numerous species, including humans (4). The enzyme
in milk is associated predominantly with secreted lipid
globules and it appears to be a major protein constitu-
ent (~14% of the total protein) of the membrane sur-
rounding milk lipid globules (4). Although it is a cyto-
plasmic protein in most cells, immunocytochemical
studies have shown that XOR localizes to the apical
plasma membrane of milk-secreting cells in lactating
bovine mammary glands (5). These observations are

3 Abbreviations used: XOR, xanthine oxidoreductase; XO, xan-
thine oxidase; XD, xanthine dehydrogenase; SDS, sodium dodecyl
sulfate; PMSF, phenylmethylsulfonyl fluoride; DCIP, dichloroindo-
phenol; DMSO, dimethyl sulfoxide; PAGE, polyacrylamide gel elec-
trophoresis; CBB, Coomassie brilliant blue; NBT, nitroblue tetrazo-
lium; PVDF, polyvinylidene difluoride.
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difficult to reconcile with a purely metabolic role for
XOR and have led to proposals that XOR may play
distinct roles in milk or milk secretion (6).

Expression of XOR in mouse mammary glands is
tightly regulated and correlates with the ability of
mammary tissue to secrete milk (7, 8). During the
reproductive cycle the activity, protein, and mRNA
levels of XOR in mouse mammary tissue undergo mul-
tiphasic changes. These changes are specific to the
mammary gland and correlate with the differentiation
of mammary epithelial cells that occurs during lacto-
genesis and with alterations in the functional status of
the mammary gland (7, 8). Developmental studies
have also shown that XOR mRNA increases severalfold
during the later part of pregnancy and again at birth
but then remains relatively constant during lactation
until the weaning period, when it returns to prepreg-
nancy levels (8). XOR activity and protein also increase
during pregnancy, but in contrast to mRNA, their lev-
els continue to increase after parturition until approx-
imately day 15 of lactation and then decline as weaning
commences (8). These observations suggest that lacto-
genic hormones regulate mammary XOR expression
and that mechanisms of regulation are complex and
may involve multilevel effects on transcriptional,
translational, and posttranslational processes.

Lactogenic hormones have been shown to increase
XOR expression in cultured mammary epithelial cells
(9-11); however, the mechanism(s) mediating this ef-
fect remain poorly defined. In addition, the enzyme
from human and goat milk is mostly inactive toward
traditional purine substrates (4, 12). This observation
suggests that mammary epithelial cells are capable of
synthesizing and/or secreting significant amounts of
enzyme with reduced catalytic activity. At present lit-
tle is known about the properties of enzyme from cul-
tured cells or the percentage of the enzyme that is
catalytically active. To address these issues we char-
acterized the effects of prolactin and cortisol on the
expression of XOR in the HC11 mouse mammary epi-
thelial cell line. HC11 cells are a clonal derivative of
the COMMA-1D cell line (13) and have proven to be an
important model for understanding hormonal regula-
tion of mammary epithelial cell differentiation and
milk protein gene expression (14-16). Our studies
show that lactogenic hormones regulate XOR expres-
sion in HC11 cells by multiple mechanisms and provide
evidence for both pre- and posttranslational control of
XOR levels in mammary epithelial cells. In addition,
we show that most of the hormonally induced XOR is
catalytically active toward xanthine, its traditional pu-
rine substrate, and that its kinetic and biochemical
properties are similar to those of tissue-derived en-
zyme. Finally we provide evidence that lactogenic hor-
mones utilize different intracellular signaling path-
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ways to regulate XOR and B-casein expression in HC11
cells.

MATERIALS AND METHODS

Materials. [®*S]Methionine was purchased from Amersham Corp.
Benzamidine—Sepharose, benzamidine, BCIP (bromochloroindoyl
phosphate), NBT (nitroblue tetrazolium), and cortisol were pur-
chased from Sigma Chemical Co. Fetal calf serum was obtained from
Gemini Bioproducts (Carlsbad, CA) and RPMI media was obtained
from the University of Colorado Health Sciences Center’s Cancer
Center Media and Serum Core Facility. Genistein was purchased
from Calbiochem-Novachem Corp. and PD 98059 was purchased
from New England Biolabs, Inc. Prolactin was kindly provided by Dr.
A. F. Parlow at NIDDK’s National Pituitary Program. Rabbit anti-
bodies to bovine XOR were a generous gift from Dr. Lance Terada
(Dallas, Texas). Anti-casein antibodies were generated in rabbits
using mouse casein. HC11 mammary epithelial cells were obtained
from Dr. Jeffery Rosen (Houston, Texas) and were used with the
permission of Dr. Bernd Groner (Frieburg, Germany).

Cell culture and hormone treatment. HC11 cells were grown to
confluency in RPMI 1640 medium containing 2 mM glutamine, 5
1g/ml bovine insulin, 10 ng/ml mouse EGF (basal medium) supple-
mented with 8% heat-inactivated fetal calf serum. At confluence,
approximately 5 days after plating, the cells were washed and incu-
bated for the indicated times in serum-free basal medium with and
without 10 pg/ml prolactin and 1 uM cortisol (lactogenic hormones).
Culture medium was changed daily and fresh lactogenic hormones
were added with each medium change.

Preparation of cell extracts and assay of XOR activity. Cells were
lysed on ice in 0.8 ml/well of lysis buffer (50 mM Tris, 150 mM NaCl,
1% NP-40, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM leu-
peptin, 1 mM EDTA, pH 8). Insoluble material was removed by
centrifugation and total XOR activity (both oxidase and dehydroge-
nase activities) was assayed by the reduction of dichloroindophenol
(DCIP) using xanthine as a substrate (17). Each extract (20 ul) was
assayed in duplicate in 80 pl of substrate solution (0.15 mM xan-
thine, 0.025 mM DCIP, 10% (v/v) DMSO, 1.0 mM EDTA, 0.1% (v/v)
catalase in 50 mM Tris, pH 8) in the absence and presence of 500 uM
allopurinol. The rate of reduction of DCIP was monitored at 595 nm
using a kinetic microplate reader (Molecular Devices, Menlo Park,
CA). XOR activity was normalized to cellular protein as previously
described (17). Enzymatic activity specifically associated with either
XD (zanthine: NAD" oxidoreductase activity) or XO (xanthine: O,
oxidoreductase activity) was calculated as the allopurinol-sensitive
rate of aerobic formation of uric acid from xanthine in the presence
(XD) or absence (XO) of 0.6 mM NAD". The ratio of XD to XO
activities (D/O) was calculated as described previously (17).

Labeling HC11 cells with [**S]methionine and measurement of
[S]methionine labeled XOR. Confluent cells were washed and in-
cubated in methionine-free culture media at 37°C, 5% CO, for 4 h.
The medium was then changed to basal medium containing [**S]me-
thionine (10 uCi/well) and the cells were incubated in the presence
and absence of prolactin and cortisol for 16 h at 37°C, 5% CO..
Labeled cells were washed three times in RPMI and extracted with
0.3 ml/well of lysis buffer. Lysates from three wells were pooled,
centrifuged to remove insoluble material, and assayed for total pro-
tein and XOR activity as described above. Total [*S]methionine-
labeled protein was determined by trichloroacetic acid (TCA) precip-
itation. [**Slmethionine-labled XOR was determined by incubating
equal volumes of the lysate with either 10 ul of rabbit anti-XO
antisera or 10 ul of preimmune rabbit sera (18) at 4°C for 2 h.
Immuncomplexes were bound to protein-A Sepharose, washed three
times with lysis buffer, solubilized by boiling in 50 ul of sample
buffer, and analyzed by SDS-polyacrylamide gel electrophoresis
(PAGE) on 7% acrylamide gels. The gels were dried and the amount
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of [*S}methionine-labeled XOR quantified using a Phosphorimager
and ImageQuant software (Molecular Dynamics).

Determination of XOR turnover. Confluent HC11 cells were cul-
tured in the presence of prolactin and cortisol for 8 days and then
pulsed with [®*S]methionine for 16 h as described above. The cells
were washed with RPMI to remove excess {**S]methionine and then
incubated in basal medium with and without prolactin and cortisol.
At the specified times the cells were extracted in lysis buffer and
[*Slmethionine-labeled XOR was immunoprecipitated and quanti-
fied by SDS-PAGE and phosphorimaging as described above. Total
[*S]-labeled protein was determined by TCA precipitation and scin-
tillation counting.

Purification of [*Simethionine-labeled XOR by benzamidine-
Sepharose chromatography. HC11 cells were cultured for 8 days
with or without prolactin and cortisol and proteins were labeled with
[*Slmethionine for 16 h as described above. The cells were then
washed three times in RPMI and homogenized in 0.1 M glyecine, 0.1
M NaCl, pH 9 (GS9). The homogenates were clarified by centrifuga-
tion, and applied directly to 2-ml columns of benzamidine-Sepharose
preequilibrated in GS9. The columns were washed with three vol-
umes of GS59 and eluted with 25 mM benzamidine in GS9 as previ-
ously described (17).

Western blot analysis. Samples were separated by SDS-PAGE in
10% acrylamide gels and electrophoretically transferred to nitrocel-
lulose membranes in 10 mM Caps (3-cyclohexylamino-1-propansul-
fonic acid), 10% methanol, pH 11. The membranes were blocked in
3% gelatin overnight at room temperature, washed twice with TBS
(25 mM Tris, 138 mM NaCl, 3 mM KCl, pH 8) containing 0.1%
Tween-20 (TBS-Tween), and incubated with rabbit antibodies to
either XOR (7) or mouse casein at 1/1000 dilution for 2 h at
room temperature. Immunoreactive bands were detected using
ExtrAvidin reagents (Sigma) and bromochloroindoyl phosphate/ni-
troblue tetrazolium substrate (19). Casein antibody specificity was
established by Western blot and sequence analysis of mouse milk
proteins (data not shown).

Isolation and quantification of mRNA. RNA was isolated from
cultured HC11 cells using Trizol Reagent (GibcoBRL, Grand Island,
NY). Each well of a six-well plate was washed twice with 1 m] of PBS.
Cells from three wells were lysed in 1000 ul of Trizol and held at
room temperature for 5 min; 200 ul of chloroform was added and the
extracts were vortexed and held for 2 min at room temperature. After
centrifugation at 13,000 rpm for 15 min, the aqueous phase was
transferred to new tubes and 500 ul of isopropanol was added.
Mixtures were vortexed and stored at —70°C for 30 min. Nucleic
acids were pelleted at 4°C, 13,000 rpm, for 15 min and pellets were
washed in 75% ethanol. Pellets were dried to completion in the air
and dissolved in 80 ul of water. DNA was removed by Dnase I
treatment (20) at 37°C for 1 h. RNA was extracted with phenol:
chloroform:isoamylalcohol and recovered by precipitation in isopro-
panol. RNA pellets were washed in 75% ethanol, dried, and sus-
pended in water.

Random primed reverse transcription (RT) was carried out with
1.0 pg of RNA and mouse Maloney Leukemia Virus reverse tran-
scriptase using the Advantage RT for PCR Kit (K1402) from Clon-
tech Laboratories (Palo Alto, CA). Reactions were incubated at 42°C
for 60 min and enzyme was denatured at 94°C for 5 min. Samples
were then brought to 100 ul with water. Then 100-u! Polymerase
chain reactions were conducted by mixing 10 ] of diluted RT reac-
tion, 4 pl of each primer (10 M), 8 pl of ANTP mix (10 mM), 80 ul
of 3.3% buffer, 5 ul of magnesium acetate (25 mM), 38 pul of water,
and 10 gl of rTth DNA polymerase (Perkin-Elmer Applied Biosys-
tems, Foster City, CA). PCR conditions were first established to be in
a linear response range for RNA input and amplification eycles. Final
reaction conditions were as follows: 94°C for 5 min (1 cycle), 94°C for
30 s, 60°C for 2 min (10 cycles decreasing temperature by 1°C to
55°C), 94°C for 30 s, 55°C for 2 min (25 cycles), 55°C for 7 min (1
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cycle). Products were held at 4°C until analysis on 2% agarose gels.
Gels were stained with ethidium bromide, photographed, and used in
Southern blot analysis for quantitation. Alternatively, PCRs were
amplified in the presence of 50 uCi of [«**P]dCTP; reaction products
were resolved by polyacrylamide gel electrophoresis and bands were
visualized by phosphorimaging and quantified using ImageQuant
software.

RESULTS

Lactogenic Hormones and EGF Stimulate XO Activity
in HC11 Cells

Incubating HC11 cells in media containing insulin,
EGF, and the lactogenic hormones, prolactin and cor-
tisol (PC), produced a time-dependent increase in their
XOR activity. Figure 1 shows that the XOR activity
(activity/mg of cellular protein) in confluent cells incu-
bated with PC increased approximately 1.5-fold after 3
days, 3-fold after 6 days, and 5-fold after 10 days. In
the absence of PC the mean XOR activity remained
relatively constant over the 10-day culture period. In
previous studies EGF was found to inhibit lactogenic-
hormone induction of B-casein in HC11 cells (21). The
inset in Fig. 1 shows that, in agreement with these
earlier results, EGF blocked PC stimulation of -casein
synthesis in our cultures as well. In contrast, the data
in Table I show that EGF enhances the effects of pro-
lactin and cortisol on XOR activity. These results sug-
gest that the processes by which lactogenic hormones
induce B-casein production in HC11 cells are distinct
from those by which they increase XOR activity.

Increased XOR Activity Is the Result of Increased
XOR Protein Synthesis

To clarify the mechanisms by which lactogenic hor-
mones increase XOR activity, we first investigated the
effects of prolactin and cortisol on de novo XOR syn-
thesis in HC11 cells cultured in the presence of EGF.
Cellular proteins were pulse-labeled with [*S]methi-
onine and labeled XOR was purified by benzamidine—-
Sepharose affinity chromatography, which selectively
isolates catalytically active XOR (17), or by immuno-
precipitation, which isolates total XOR. Figure 2 shows
the purification of XOR from extracts of control and
PC-treated cells by benzamidine-Sepharose chroma-
tography. XOR activity from both control and PC-
treated cells bound to benzamidine-Sepharose and
was specifically eluted by 25 mM benzamidine (Figs.
2A and 2B). The purified enzyme had a K, for xanthine
of 1.7 uM and its D to O ratio was 3.3, indicating that
it was purified as the NAD"-dependent dehydrogenase
(XD form) of XOR (22).

SDS-PAGE and phosphorimaging analysis of the
[*S]-labeled proteins eluted by benzamidine (insets in
Figs. 2A and 2B) showed that the fractions from PC-
treated cells containing the highest XOR activity were
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FIG.1. Prolactin and cortisol increase XOR activity in HC11 cells in the presence of EGF. The relative activity of XOR is shown in confluent
HC11 cells incubated in the presence (crosshatched bars) or absence (open bars) of prolactin and cortisol for the indicated times. HC11 cells
were grown to confluency as described under Materials and Methods and then placed in serum-free medium containing insulin and EGF with
or without prolactin and cortisol, as indicated. XOR activity is expressed as the allopurinol-sensitive rate of oxidation of xanthine/mg of
cellular protein. Each value is the mean * SD for triplicate culture wells. The inset shows the effects of EGF on the induction of §-casein by
prolactin and cortisol. Confluent HC11 cells were incubated with or without prolactin and cortisol, as described above, in serum-free medium
containing insulin and EGF (lanes 1 and 2) or in media containing insulin alone for 6 days. Cell extracts were analyzed for B-casein by
SDS-PAGE and Western blotting with an anti-mouse casein antibody and an alkaline phosphatase-labeled secondary antibody. The arrow

shows the position of mouse milk B-casein.

enriched in a band that comigrated with the intact
150-kDa subunit of purified bovine XOR (arrows) and
reacted to anti-XOR antibodies (inset box, Fig. 2B).
XOR protein was detectable by Western blotting in
fractions from PC-treated cells with the greatest XOR
activity (inset, Fig. 2B) but could not be detected in the
most active fractions from control cells (data not
shown). Thus, increased XOR synthesis appeared to be
correlated with increased amounts of total XOR pro-
tein. The relative amounts of newly synthesized XOR
protein in fractions isolated from control and PC-
treated cells were estimated from the intensity of the
[*S]Imethionine-labeled XOR bands in the phophorim-
ager analysis and are plotted (closed triangles) in Fig.
2. The data show good correspondence between XOR
activity and [®*S]methionine-labeled XOR protein in
these fractions. The XOR activity in benzamidine-
eluted fractions from PC-treated HC11 cells was 5.5
times that of control cells in duplicate experiments.
The total amount of [**S]methionine-labeled XOR iso-
lated from PC-treated cells, on the other hand, was 3.9

TABLE I

Effects of EGF on the Ability of Prolactin and Cortisol
to Increase XOR Activity in HC11 Cells

Relative increase in XOR activity (% control)

Culture time

(days) EGF/minus medium EGF/plus medium
3 89+ 2 170 = 30
6 162 + 25 320 = 12
10 220 *+ 40 467 = 75

Note. The effect of prolactin and cortisol (PC) on XOR activity in
HC11 cells was examined in confluent HC11 cells incubated in se-
rum-free medium supplemented with insulin and EGF (EGF/plus
medium) or with insulin alone (EGF/minus medium) for 3, 6, or 10
days. XOR activity (rate of xanthine oxidation/mg of cellular protein)
was determined in the cell lysates using the xanthine/DCIP assay
(see Materials and Methods). The relative stimulation of XOR activ-
ity by PC was determined by normalizing XOR activity in PC-treated
cultures to the activity in the corresponding control cultures and is
shown as the percentage of control XOR activity. The values repre-
sent the mean * SD for three separate experiments.
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FIG. 2. Benzamidine-Sepharose purification of [**S]methionine-labeled XOR. Confluent cultures of HC11 cells were incubated in serum-
free medium containing insulin and EGF in the absence (A) or presence (B) of prolactin and cortisol (PC) for 8 days, as described in the legend
to Fig. 1, and then pulsed with [**S]methionine for 16 h. The cells were extracted and XOR purified by benzamidine-Sepharose chromatog-
raphy (see Materials and Methods). The relative levels of XOR activity (@) and [*Slmethionine-labeled XOR (A) in the fractions eluted by
25 mM benzamidine are shown. XOR activity was determined using the xanthine/DCIP assay and is expressed as the relative rate of
xanthine oxidation. [*S]Methionine-labeled proteins in the benzamidine-eluted fractions were examined by SDS-PAGE and phosphorim-
aging (insets A and B). The relative amount of [**S]-labeled XOR in these fractions (arrows in the phosphorimage analyses) was quantified
using ImageQuant software (Molecular Devices) and is expressed as relative phosphorimager units per fraction. A Western blot of XOR
protein in the benzamidine-eluted fractions from PC-treated cells is shown in the box in B. The arrows in each inset show the position of

migration of intact, purified, bovine milk XOR.

times that isolated from control cells in the same ex-
periments. Because benzamidine-Sepharose chroma-
tography selectively purifies only catalytically active
and intact XOR (17) it was possible that HC11 cells
contained significant amounts of inactive and/or par-
tially degraded XOR. To investigate this possibility
[**SImethionine-labeled XOR was immunoprecipitated
and analyzed by SDS-PAGE (Fig. 3). A single radioac-
tive protein band, which comigrated with purified in-
tact XOR subunits (arrow), was specifically precipi-
tated from extracts of control and PC-treated cells us-
ing antibodies to XOR. In contrast, no bands were
precipitated using preimmune sera. Quantitation of
[**SImethionine-labeled XOR in the immunoprecipi-
tates showed that PC-treated HC11 cells had an aver-
age of 3.6 + 0.1 times (N = 4) more newly synthesized
XOR than control cells. The total amount of [**S)me-
thionine-labeled protein in PC-treated cells was simi-
lar to that of control cells (1.05 * 0.1 times; N = 4) and

the composition of the labeled proteins appeared to be
identical (Fig. 3B). No XOR synthesis was detected
when HC11 cells were incubated with 30 uM cyclohex-
imide for 4 h prior to pulsing with [*S]methionine and
82% * 2.5% (N = 2) of the basal and PC-stimulated
XOR synthesis was blocked by 10 uM cycloheximide.
Thus, lactogenic hormones appear to be directly affect-
ing the synthesis of XOR in HC11 cells.

Prolactin and Cortisol Decrease XOR Turnover

Together, the benzamidine-Sepharose and immuno-
precipitation findings indicate that most of the newly
synthesized XOR in HC11 cells is intact and catalyti-
cally active. However, in both cases the stimulation of
XOR synthesis did not completely account for the in-
creased XOR activity. To determine if lactogenic hor-
mones also affected XOR degradation, we next inves-
tigated the effects of prolactin and cortisol on XOR
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FIG. 3. Immunoprecipitation of [*Slmethionine-labeled XOR. Du-
plicate plates of confluent HC11 cells were incubated in serum-free
media containing insulin and EGF with (H1 and H2) or without (C1
and C2) prolactin and cortisol for 8 days and pulsed with [**S]methi-
onine for 16 h. The cells were then extracted and immunoprecipi-
tated with anti-XOR antibodies or with preimmune serum. Immu-
noprecipitated XOR (A) and total labeled proteins (B) were analyzed
by SDS-PAGE and phosphorimaging. The migration position of im-
munoprecipitated XOR is shown relative to purified, intact, bovine
XOR (arrow in A).

turnover in HC11 cells. The amount of XOR remaining
in control and PC-treated cells was determined 24 and
48 h after pulse-labeling proteins with [*°*S]methionine.
Figure 4 shows that the rate of loss [*S]methionine-
labeled XOR from both control and hormone-treated
cells appears to follow first-order kinetics. In control
cells the average half-time (¢,,,) for XOR degradtion
was 33 h (N = 2), in agreement with previous esti-
mates of the turnover rate (¢,, = 28.3 h) for XOR in
Swiss 3T3 cells (18). In contrast, the average ¢, for
XOR degradation in PC-treated cells was 59 h (N = 2),
nearly double that of control cells. The loss of total
[**S]methionine protein also followed first-order kinet-
ics with an average t,,, (22 h) that was the same for
control and PC-treated cells. These results show that
lactogenic hormones increase XOR activity in HC11
cells by both increasing synthesis and decreasing the
turnover of XOR.

Prolactin and Cortisol Increase XOR mRNA Levels

The next question to be addressed was whether the
increased synthesis of XOR could be attributed to in-
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creased levels of XOR mRNA. Figure 5A shows a
Southern blot of products obtained following RT-PCR
of XOR mRNA in confluent HC11 cells cultured in the
presence or absence of prolactin and cortisol for 24, 48,
and 96 h. The blot shows relatively little effect of the
hormones on XOR mRNA until the 4th day of culture.
Quantitation of the relative amount of XOR mRNA in
control cells showed that the steady-state levels of XOR
mRNA did not change significantly over the 4-day time
course. However, XOR mRNA in hormone-treated cells
was slightly elevated by day 2 of culture and was 3.3 =
0.2 times the control level by the 4th day of culture.
Thus, there also appears to be a 2- to 3-day lag in the
ability of PC to elevate XOR mRNA levels in HC11
cells. To determine if this lag is specific for XOR, we
investigated the effects of prolactin and cortisol on the
steady-state mRNA levels of lactoferrin (another se-
creted mammary gland protein), B-actin (a common
cellular protein), and aldehyde oxidase (another mem-
ber of the molybdenum hydroxylase gene family (3).
Figure 5B shows that prolactin and cortisol increased
Lf mRNA levels in HC11 with a similar lag period but
did not affect the steady-state mRNA levels of B-actin
or aldehyde oxidase. Thus, these effects of prolactin
and cortisol appear to be specific for milk proteins.

Lactogenic Hormones Stimulate XOR Expression
by a MAP Kinase-Dependent Pathway

The observation that prolactin and cortisol increase
XOR, but not B-casein, in HC11 cells grown in the
presence of EGF suggested that lactogenic hormones
might use different signaling pathways to regulate
XOR and B-casein expression. To investigate this pos-
sibility we examined the effects of kinase inhibitors on
the stimulation of XOR activity by prolactin and corti-
sol. Figure 6A shows that genistein, a specific protein
tyrosine kinase inhibitor (23), blocked the PC-induced
increase in XOR activity. This effect was dose depen-
dent and the effective concentration range agreed with
values previously reported for genistein (24, 25).
Genistein had the opposite effect on XOR activity in
control cells, in which incubation with this compound
produced a significant dose-dependent increase in XOR
activity. Treatment with genistein, however, did not
alter XOR activity in vitro or affect the appearance or
number of HC11 cells at any concentration (data not
shown). Similar effects of genistein on the basal and
prolactin-induced orinthine decarboxylase activity in
primary cultures of mouse epithelial cells have been
reported (24). Thus, the inhibitory effects of genistein
on XOR activity appear to refiect selective interference
with the actions of prolactin and cortisol and not a
general toxic effect of this compound.

Previous studies have shown that lactogenic hor-
mones can activate p42 MAP kinase in HC11 cells (26).
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However, inhibiting MAP kinase activation with PD
98059 (a specific inhibitor of MEK 1/2—the upstream
activator of p42 and p44 MAP kinase—27) did not
interfere with lactogenic hormone induction of B-casein
expression (26). To determine the involvement of MAP
kinase activation in the effects of PC on XOR levels,
HC11 cells were incubated with PC in the presence and
absence of PD 98059 and assayed for XOR activity.
Figure 6B shows that PD 98059 effectively blocked the
ability of PC to increase XOR levels in HC11 cells. This
effect was dose-dependent and the effective concentra-
tion range was between 20 and 50 puM. In contrast to
genistein, PD 98059 did not alter XOR activity in con-
trol cells (Fig. 6B). PD 98059 also did not affect the
appearance of HC11 cells, and it did not interfere with
the enzymatic activity of purified XOR (data not
shown). Thus, the decrease in XOR activity does not
appear to be due to nonspecific effects on HC11 cells or
to direct interference with the enzymatic activity of
XOR.

Table II shows that PD 98059 also blocked the in-
crease in de novo XOR synthesis brought about by
prolactin and cortisol but did not affect basal XOR
synthesis. In the absence of PD 98059, prolactin and
cortisol increased XOR synthesis threefold over control
cultures, whereas in the presence of 50 uM PD 98059,
XOR synthesis was increased only 23%. In contrast,
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FIG. 5. Prolactin and cortisol selectively increase the steady-state
mRNA levels of XOR. Confluent HC11 cells were incubated in serum-
free media containing insulin and EGF in the presence (H) or ab-
sence (C) of prolactin and cortisol for 24, 48, and 96 h and mRNA
levels were analyzed by RT-PCR and Southern blotting. (A) Results
of phosphorimager analysis of Southern blots of XOR and B-actin
(Actin) mRNA. (B) Results of phosphorimager analysis of Southern
blots of aldehyde oxidase (AOX), lactoferrin (Lf), and B-actin (Actin)
mRNA,
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the level of [**S]methionine incorporation into XOR in
control cultures was similar in the presence and ab-
sence of PD 98059. In addition, 50 uM PD 98059 did
not interfere with [*Slmethionine incorporation into
total protein (data not shown). Thus, the effect of PD
98059 on XOR synthesis appears to be due to a specific
inhibition of the actions of prolactin and cortisol and
not to a general reduction in XOR synthesis or nonspe-

TABLE II

PD 98059 Blocks the Effect of Prolactin and Cortisol
on XOR Synthesis

Treatment conditions [**S]Methionine-labeled XOR

Control cells 1500 = 230
PC-treated cells 4843 + 515
Control cells + PD 98059 1724 = 313
PC-treated cells + PD 98059 2130 =+ 346

Note. The relative amounts of [®*S]methionine-labeled XOR in
HC11 cells are shown for control and hormone-treated cells that
were incubated with and without 50 M PD 98059 for 6 days. Cells
were pulsed with [*S]methionine for 16 h and [*S]methionine-la-
beled XOR was isolated by immunoprecipitation. The amount of
[®*S]methionine-labeled XOR was determined by phosphorimaging
analysis after SDS-PAGE. The values are average * range for
duplicate assays.

cific interference with protein synthesis by HC11 cells.
Together, these results provide evidence that the ef-
fects of prolactin and cortisol on XOR synthesis are
mediated by activation of the MAP kinase pathway and
involve the activation of a specific protein tyrosine
kinase or kinases.

DISCUSSION

The lactogenic combination of the hormones prolac-
tin and cortisol is known to play a prominent role in the
functional development of the mammary gland and the
expression of milk proteins (28, 29). However, the cel-
lular mechanisms that mediate the actions of these
hormones appear to be complex and remain poorly
defined (29, 30). In the present study we investigated
the effects of prolactin and cortisol on XOR activity in
the HC11 mammary epithelial cell line. Our results
show that these hormones increase XOR by increasing
the accumulation of XOR mRNA, stimulating XOR
synthesis, and decreasing XOR turnover. These effects
are consistent with in vivo studies of XOR during mam-
mary development, in which increases in XOR mRNA
and protein were documented during lactogenesis and
lactation in mouse mammary glands (7-9), and provide
evidence that prolactin and cortisol are physiologically
important regulators of XOR expression in mammary
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tissue. Although it is well established that prolactin
and glucorticoids can regulate transcription of milk
proteins (29-31), our finding that these hormones
slowed the turnover of XOR suggests that they also
affect the level of specific milk proteins by nongenetic
mechanisms. This possibility is supported by the ob-
servation that XOR activity and protein levels in
mouse mammary glands continue to increase during
lactation, while the level of XOR mRNA remained con-
stant (8). Similar, nongenetic effects of lactogenic hor-
mones on B-casein levels in primary cultures of mouse
mammary epithelial cells have also been reported (32).
Given the need for increased milk production to sup-
port neonatal growth, such mechanisms may play an
important role in maintaining milk protein levels.

B-Casein induction in HC11 cells by lactogenic hor-
mones has been the subject of extensive study (30,
33-35). In our study we found that the combination of
prolactin and cortisol also induced the expression of
lactoferrin and B-casein, but they did not affect the
expression of common, nonsecreted, cellular proteins
(B-actin and aldehyde oxidase). Thus, the increased
expression of XOR in HC11 cells appears to be a spe-
cific lactogenic response to prolactin and cortisol,
rather than a general affect of these hormones on cel-
lular metabolism. Moreover, because XOR and AOX
are closely related members of the molybdenum hy-
droxylase family, with similar structural and func-
tional properties (3), it is unlikely that the increased
expression of XOR is due to selective effects of lacto-
genic hormones on molybdenum hydroxylase gene ex-
pression in general.

Recent studies of XOR in human and goat milk in-
dicate that mammary epithelial cells can synthesize
and secrete significant amounts of catalytically defi-
cient enzyme (4, 12). Our results, however, show that
the properties of newly synthesized XOR in HC11 cells
are similar to those of the highly active enzyme from
lactating mouse mammary glands (7). Immunoprecipi-
tation of metabolically labeled XOR demonstrated
that, in both control and hormone-treated cells, the
enzyme was composed of single species on SDS-PAGE
with the same molecular weight as intact purified XOR
from bovine milk. In addition, both the basal and the
hormone-induced XOR activities could be extracted by
benzamidine—Sepharose affinity chromatography and
there was good correspondence in the purification of
xanthine oxidizing activity and metabolically labeled
XOR subunits. Furthermore, the purified enzyme from
HC11 cells had a K, for xanthine that agreed with that
reported for purified XOR from rodent tissue (17, 36).
Thus, most of the enzyme in HC11 cells appears to be
intact and capable of oxidizing purine substrates and
to possess biochemical and kinetic properties that are
similar to purified XOR from other sources (1, 7, 17,
36). Finally, XOR has been shown to function as an
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oxidase (XO: E.C. 1.1.3.22) or as a dehydrogenase (XD:
E.C. 1.1.3.204), depending on the oxidation state of its
cysteine thiols (37). Our study shows that the predom-
inant form of the purified enzyme from HC11 cells was
XD, which indicates that XOR exists primarily in the
reduced form in HC11 cells. This finding is consistent
with our previous studies demonstrating that XD is the
predominant tissue form of XOR in the lactating mouse
mammary gland (7).

Although prolactin and cortisol enhance the expres-
sion of both B-casein and XOR in HC11 cells, evidence
presented in this study suggests that the mechanisms
that mediate these effects may be different. EGF in-
hibits the ability of prolactin and cortisol to stimulate
B-casein expression, whereas it modestly promotes the
effects of these hormones on XOR levels. The induction
of B-casein by lactogenic hormones is mediated by the
JAK2/STATS5 intracellular signaling pathway (29). In
the presence of EGF, the lactogenic hormone activation
of STAT5 and its subsequent interaction with the B-ca-
sein promoter are blocked (29). However, the molecular
basis for this inhibition is unknown and EGF stimula-
tion has also been shown to promote nuclear translo-
cation and activation of STAT5 binding to other DNA
regulatory elements (38, 39). Thus, both positive and
negative interactions between the EGF and the STAT5
pathways appear to be possible. While additional stud-
ies will be required to establish the nature of the in-
teractions between the EGF and the lactogenic hor-
mone signaling pathways, our results suggest that
there may be differences in the signaling processes
that mediate the effects of lactogenic hormones on
B-casein and XOR expression. One possible difference
is the MAP kinase pathway. Lactogenic hormones ac-
tivate both the JAK/STATS5 and the MAP kinase path-
ways in HC11 cells (26, 29); however, lactogenic hor-
mone induction of B-casein expression is independent
of MAP kinase activation (26). In contrast, our results
showed that inhibitors of MAP kinase activation
blocked lactogenic hormone stimulation of XOR syn-
thesis. Thus, while lactogenic hormone regulation of
B-casein expression appears to involve the selective
activation of the JAK/STAT pathway, the MAP kinase
pathway appears to play a significant role in regulation
of XOR expression by these hormones.

In summary, our study provides evidence that pro-
lactin and cortisol increase XOR levels in mammary
epithelial cells by coordinately increasing the de novo
synthesis and decreasing the degradation rate of XOR.
Increased de novo synthesis of XOR is associated with
increased steady-state levels of XOR mRNA and ap-
pears to be a specific lactogenic response. Although
additional studies will be required to fully delineate
the cellular and genetic mechanisms by which lacto-
genic hormones regulate XOR expression, our results
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suggest that they are mediated by a tyrosine kinase-
and MAP kinase-dependent signaling pathway.
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Xanthine oxidoreductase (XOR) has been purified
from lactating mouse mammary tissue and its prop-
erties and developmental expression have been
characterized. XOR was purified 80-fold in two steps
using benzamidine-Sepharose affinity chromatogra-
phy. The purified enzyme had a specific activity of
5.7 U/mg and an activity to flavin ratio of 192. SDS-
polyacrylamide gel electrophoresis showed that it
was composed of a single (150 kDa) band and N-
terminal sequence analysis verified that it was in-
tact mouse XOR. Isoelectric focusing showed that
purified XOR was composed of three catalytically
active, electrophoretic variants with pI values of
7.55, 7.65, and 7.70. The majority of the XOR activity
in both pregnant and lactating mammary glands was
shown to exist as NAD+-dependent dehydrogenase
(XD form), while the enzyme in freshly obtained
mouse milk exits as 02-dependent oxidase (XO
form). The activity and protein levels of XOR selec-
tively increased in mammary tissue during preg-
nancy and lactation. The time course of these in-
creases was biphasic and correlated with the func-
tional maturation of the mammary gland. These
results indicate that XOR may have novel, mammary
gland-specific functions, in addition to its role in
purine metabolism. © 1999 Academic Press
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Xanthine oxidoreductase (XOR)® is a member of the
molybdenum hydroxylase family of proteins (1). The
enzyme is a 300,000-kDa dimer composed of identical
subunits. Each subunit consists of 1333-1358 amino
acids, depending on the species, and contains binding
sites for molybdopterin, iron, and flavin cofactors (1, 2).
In mammals, XOR can exist in two intraconvertible
enzymatic forms: a dehydrogenase (XD; EC 1.1.3.204)
which utilizes NAD® as an electron acceptor and an
oxidase (XO; EC 1.2.3.22) which utilizes O, as an elec-
tron acceptor (2). Both enzymatic forms are identical in
size, subunit composition, and cofactor requirements
and are capable of oxidizing a wide range of substrates
(1). In the organisms studied to date XD appears to be
the primary gene product and the predominant form of
the enzyme in mammalian tissues (3, 4). At present,
the cellular mechanisms that regulate the relative tis-
sue levels of the XD and XO forms of XOR have not
been defined. However, XD can be converted to XO in a
reversible process by sulfhydryl oxidation or in an ir-
reversible process by proteolytic action (3). Although it
is unclear if the XD and XO forms of the enzyme serve
distinct biological roles, differences have been detected
in their structural and kinetic properties (3). In addi-
tion, high levels of the XO form have been associated
with tissue injury and certain diseases (5, 6) and are
believed to contribute to oxidative damage of cells
through the generation of cytotoxic oxygen metabolites
(H,0,; O, and OH™) (5). The XD form, on the other
hand, may be an important component in the defense

3 Abbreviations used: XOR, xanthine oxidoreductase; XO, xan-
thine oxidase; XD, xanthine dehydrogenase; PMSF, phenylmethyl-
sulfonyl fluoride; DCIP, dichloroindophenol; CBB, Coomassie bril-
liant blue; PVDF, polyvinylidene difluoride; DTT, dithiothreitol;
MLG, milk lipid globules; MLGM, milk lipid globule membrane; IEF,
isoelectric focusing; AFR, activity to flavin ratio.
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against oxygen radical damage through its role in the
synthesis of uric acid, a potent antioxidant (7).

One of the primary biological functions of XOR in
mammals is purine degradation where the enzyme cat-
alyzes the rate-limiting step in the oxidation of xan-
thine and hypoxanthine to uric acid (8). Biochemical
and genetic studies of XOR from phylogenetically di-
verse species have shown that there has been a general
conservation of the catalytic properties, cofactor re-
quirements, and primary structure of the enzyme dur-
ing evolution (2). Although such a high degree of con-
servation is consistent with the general importance of
this enzyme in purine metabolism, its tissue and cell
expression patterns suggest that it may also have ad-
ditional, tissue-specific functions distinct from its com-
mon role in purine metabolism (9).

One of the richest sources of XOR is bovine milk (10).
The enzyme in bovine milk exists exclusively in the XO
form and is found primarily in milk lipid globules
(MLG). XOR comprises as much as 13% of the total
MLG protein and appears to be tightly associated with
the cytoplasmic surface of the plasma membrane that
surrounds these structures (10). At present, the func-
tional significance of such high levels of the XO form of
the enzyme in MLGs is unclear, and the basis for the
association of XOR with milk lipid globule membranes
is unknown. Immunocytochemical (9) and histochemi-
cal studies (11) showed that detectable amounts of
XOR were found only in the milk-producing alveolar
epithelial cells in lactating bovine mammary tissue
and that the enzyme appeared to be concentrated at
the apical surface of these cells (9). These observations
suggest that the levels of XOR in mammary tissue are
regulated by cell-specific processes and that it may
have mammary or milk-specific functions. However, its
role in the mammary gland remains unknown, due in
part to a lack of information about the properties of the
enzyme from mammary tissue and its regulation dur-
ing the reproductive cycle.

Earlier studies of XOR expression in mouse mam-
mary tissue suggested that XOR may play a role in
mammary gland differentiation (12-14), but the de-
tails of its development during the reproductive cycle
were not fully established. Further, XOR has not been
purified from mammary tissue and the properties of
mammary XOR have not been investigated. In addi-
tion, studies of XOR from human and goat milk have
shown that the enzyme from these species is inactive
toward traditional purine substrates (10). Thus, there
may be species-dependent differences in the properties
of XOR. To address these issues and the potential role
of XOR in mammary gland development we (i) purified
XOR from lactating mouse mammary glands, (ii) char-
acterized the properties of the purified enzyme and
investigated the catalytic form of XOR in mammary
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tissue and milk, and (iii) characterized the develop-
ment of XOR in mouse mammary glands throughout
the reproductive cycle. Our studies demonstrate that
mouse mammary gland XOR is a highly active enzyme
composed of three major isoforms and that it comprises
a relatively large amount of the soluble protein in
lactating mouse mammary glands. Our studies also
indicate that the expression of XOR in mammary gland
development is a complex process regulated by the
reproductive stage and is associated with the func-
tional maturation of the mammary gland.

EXPERIMENTAL PROCEDURES

Materials. CD-1 mice were obtained from Charles River Inc. and
maintained as a breeding colony in the Animal Resource Center of
the University of Colorado Health Sciences Center. Benzamidine—
Sepharose, xanthine, and dichloroindophenol (DCIP) were obtained
from Sigma Chemical Co. Ampholines, nitrocellulose membranes,
and molecular weight markers were obtained from Bio-Rad. Hyper-
bond polyvinylidene difluoride (PVDF) membranes were obtained
from Beckman Inc. Antisera to bovine XOR were generously pro-
vided by Dr. Lance Terada (Dallas, TX).

Preparation of mammary gland extracts and purification of XOR.
XOR was purified from mammary glands of lactating CD-1 mice by
affinity chromatography on benzamidine-Sepharose (15). Fourth
and fifth mammary glands were removed from animals on the 12th
to 13th days of lactation. The glands were dissected free of connective
tissue, finely minced, and washed several times to remove milk. The
glands were then blotted dry, weighed, and homogenized in 3 vol of
ice-cold 0.1 M NaH,PO,, pH 7, containing 0.4 mM EDTA, 100 uM
PMSF, 1 mM salicylate (PEPS) using a Dounce homogenizer. Ho-
mogenates were centrifuged for 30 min at 28,000g. The supernatant
was removed, treated with fresh PMSF, and placed in a 65°C water
bath for 10 min. Insoluble material was removed by centrifugation,
and solid ammonium sulfate was added to the supernatant (HS) to a
final concentration of 60% saturation. After 30—60 min on ice pre-
cipitated proteins (60-P) were removed by centrifugation, resus-
pended in a minimal volume of PEPS, and desalted by chromatog-
raphy on Sephadex G-50(M) equilibrated in 0.1 M glycine, 0.1 M
NaCl, pH 9 (GS9). The desalted extract was applied to a 5- to 7-ml
column of benzamidine-Sepharose equilibrated in GS9. The column
was washed with 3 column volumes of GS9 and XOR was eluted with
25 mM benzamidine in GS9 as previously described (15). The specific
activity of XOR refers to the units (umol uric acid/min) of xan-
thine:0, oxidoreductase activity at room temperature/mg protein
(see below).

Isolation of milk lipid globule membranes. Milk lipid globules
were isolated by the addition of sucrose to fresh whole bovine milk
(obtained locally) to a final concentration of 5% (w/v). An equal
volume of TBS (25 mM Tris, 138 mM NaCl, 3 mM KCl, pH 7.4) was
carefully layered on top of this solution and the mixture was centri-
fuged at 2500g for 30 min at ambient temperature. The cream layer
was removed, diluted with TBS, and churned in a Waring blender at
low speed until butter curds formed. The curds were removed by
straining through cheesecloth and milk lipid globule membranes
were isolated from the buttermilk by centrifugation at 125,000g for
60 min at 4°C. The remaining triglycerides and the supernatant
were removed and the membrane pellet was suspended in 50 mM
Tris, 1 mM EDTA, pH 7.5 (TE buffer) using brief sonication. The
membrane suspension was then washed by two cycles of centrifuga-
tion at 100,000g for 1 h at 4°C and resuspended by sonication in TE
buffer. The protein concentration of resuspended membranes ranged
from 2 to 4 mg/ml.
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Enzyme and protein assays. The combined activities of xanthine
oxidase and xanthine dehydrogenase in mammary gland extracts
were assayed by the reduction of DCIP using xanthine as a substrate
as described previously (15). Briefly, XOR activities were measured
at room temperature in substrate solution containing 0.15 mM xan-
thine, 0.025 mM DCIP, 10% (v/v) dimethy! sulfoxide, 1.0 mM EDTA,
0.1% (v/v) catalase in 50 mM Tris, pH 8. Assays were performed in
microtiter plates by monitoring the rate of DCIP reduction at 595 nm
on a kinetic microplate reader (Molecular Devices, Menlo Park, CA).
Relative activity values were calculated as the allopurinol-sensitive
rates of DCIP reduction per milligram of protein in the homogenates.
Enzymatic activity specifically associated with either XD (xanthine:
NAD" oxidoreductase activity) or XO (xanthine:O, oxidoreductase
activity) was calculated as the allopurinol-sensitive rates of aerobic
formation of uric acid from xanthine in the presence and absence of
0.6 mM NAD" and the ratio of XD to XO activities (XD/XO) was
calculated according to Waud and Rajagopalan (3) as described pre-
viously (15). Protein was quantified using the bicinchoninic acid
method (16).

Conversion of XD to X0. XOR was converted to XD by incubation
with 2 mM DTT for 1 h at room temperature. The DTT was removed
by dialysis or gel filtration on Sephadex G-25 prior to adding milk
lipid globule membranes (MLGMs). MLGMs were incubated with
allopurinol (50 uM) to inactivate membrane-associated XOR and
subjected to two cycles of centrifugation at 100,000g for 45 min to
remove remaining allopurinol. The membranes were resuspended in
TE, added to XD to final concentration of 10% (v/v), and incubated at
room temperature with gentle mixing. A portion of the suspension
was heated in a boiling water bath for 20 min prior to incubation
with XD. At the indicated times XD and XO activities were deter-
mined as described above.

Electrophoretic analyses. SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE) and isoelectric focusing analyses (IEF) of XOR were
conducted as described previously (15). Protein bands were detected
by staining the gels with Coomassie brilliant blue (CBB) and
prestained molecular weight marker proteins (Kaleidoscope Stan-
dards, Bio-Rad) were used to estimate protein molecular weights.
Native isoelectric focusing of purified XOR was conducted at 15°C for
1700 V-h in 5% acrylamide gels containing pH 3 to 10 ampholines.
Protein was detected by silver staining and enzymatically active
XOR isoforms were detected by staining with xanthine/nitroblue
tetrazolium (15). IEF of XOR under denaturing conditions was con-
ducted at 20°C for 1700 V-h in 5% acrylamide gels containing 4 M
urea. Purified XOR was incubated in 8 M urea containing 2 mM DTT,
0.1% NP-40 at 60°C for 30 min prior to analysis. IEF pH gradients
were determined by measuring the pH values in sequential adjacent
1-mm sections of the focused gel, and protein bands were visualized
by staining with CBB.

Western blots. Samples were separated by SDS-PAGE in 7%
acrylamide gels and electrophoretically transferred to nitrocellulose
membranes at 90 V for 30 min in Caps buffer, pH 11. The mem-
branes were blocked in 3% gelatin overnight at room temperature,
washed twice with TBS, pH 8, containing 0.1% Tween 20 (TBS-
Tween), and incubated overnight at 4°C with 1/500 dilution of rabbit
antibodies affinity purified against a 71-kDa C-terminal fragment of
bovine XOR according to Madara et al. (17). Inmunoreactive bands
were detected using ExtrAvidin reagents (Sigma) and bromo-
chloroindoyl phosphate/nitroblue tetrazolium substrate (18) or with
['®]I-Protein A (Amersham Inc.). Immunoreactive bands were quan-
tified using a Phosphoimager and ImageQuant software (Molecular
Dynamics).

Protein sequence determination. N-terminal amino acid sequence
analyses were performed by automated Edman degradation of pro-
teins after electrophoretic transfer to PVDF (19). Analyses were
performed at the University of Colorado Cancer Center’s Protein
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FIG.1. Affinity purification of XOR from mouse mammary glands.
The desalted 60-P fraction obtained from an extract of 12-day lac-
tating mouse mammary glands was subjected to chromatography on
benzamidine-Sepharose as described under Experimental Proce-
dures. The levels of protein (dashed line, solid triangles) and XOR
activity (solid line, open circles) are shown for individual fractions.
The column was eluted with 25 mM benzamidine starting at the
arrow.

Chemistry Core Facility using an Applied Biosystems Model 477A

automated protein sequencing instrument equipped with an in-line
Model 120 HPLC.

RESULTS

Purification of mouse mammary gland XOR. XOR
was purified from extracts of lactating mouse mam-
mary glands by ammonium sulfate precipitation and
affinity chromatography on benzamidine—Sepharose.
The elution profiles of protein and XOR activity from
benzamidine—Sepharose are shown in Fig. 1. The ma-
jority of the protein eluted in the flowthrough and wash
fractions, while most of the XOR activity bound to the
column and was eluted by 25 mM benzamidine. The
enzymatic activities in the flowthrough and benzami-
dine-eluted fractions were verified as XOR by inhibi-
tion with allopurinol (data not shown). A representa-
tive purification of XOR is shown in Table I. The aver-
age purification of XOR from the heat-treated
supernatant by ammonium sulfate fractionation and
benzamidine—Sepharose was 80 *+ 6-fold. The purified
enzyme had an average specific activity of 5.7 + 0.8
U/mg which is comparable to highly purified enzyme
preparations from other sources. In addition, purified
XOR had an Ayy/A,s ratio of 4.5 and an activity to
flavin ratio (AFR) of 192 indicating that it was free of
contaminating proteins and inactive enzyme forms.

Properties of mouse mammary gland XOR. The rel-
ative degree of purification achieved by benzamidine—
Sepharose chromatography and the purity of XOR ob-
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TABLE I

Purification of XOR from Lactating
Mouse Mammary Glands

Specific
Protein  activity Fold
Purification step (mg) (units/mg) AFR purification

Heat-treated SPN 144 0.07 7 1
60% ammonium sulfate

pellet 47.5 0.21 9 3
Benzamidine—Sepharose

pool 1 5.2 192 74

Note. XOR was purified from six inguinal glands obtained from
lactating mice on L12-1.13. Protein and enzyme activity measure-
ments and the calculations of specific activity and AFR are described
under Experimental Procedures. The fold purification refers to the
relative increase in specific activity at each step in the purification.

tained by this procedure are illustrated in Fig. 2. This
figure shows that purified XOR (lane I) contained a
single protein species of approximately 150 kDa. The
N-terminal amino acid sequence of this band was TRT-
TVDELVFFVNGKKVVEKNADPE which is identical
to AA 2-26 of the sequence deduced from mouse XD
¢DNA (20) and verifies that the purified enzyme was
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FIG. 2. Electrophoretic analysis of purified mouse XOR. Coomassie
blue staining patterns are shown for affinity-purified mouse mam-
mary gland XOR (lane I) and the 60% ammonium sulfate precipitate
of mammary gland extracts from 12-day lactating mice (lane II). The
migration positions of molecular weight standards (Kaleidoscope
prestained standards, Bio-Rad) are shown by numbered arrowheads
on the left. 1, myosin (205 kDa); 2, B-galactosidase (119 kDa); 3,
bovine serum albumin (85 kDa); 4, carbonic anhydrase (41.8 kDa); 5,
soybean trypsin inhibitor (31.8 kDa). The arrow indicates the band
in the 60-P fraction that was sequenced.
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FIG. 3. Isoelectric focusing analysis of affinity-purified mouse
mammary gland XOR. (A) Purified XOR was subjected to IEF using
pH 4-10 amopholines. Adjacent lanes then were analyzed for XOR
activity or for total protein by silver staining. (B) Determination of p/
values for urea-denatured XOR isoforms. Purified XOR was dena-
tured in 8 M urea and subjected to IEF using pH 4-10 ampholines in
acrylamide gels containing 4 M urea. The pH values of the gel (open
circles) and the migration positions of XOR isoforms (closed circles)
are plotted as a function of the distance from the cathode.

intact except for missing its N-terminal methionine.
Figure 2 also shows that the 60% ammonium sulfate
precipitate of mammary gland extracts (lane II) is en-
riched in a band at approximately 150 kDa that comi-
grates with purified XOR. Amino acid sequence analy-
sis of this protein gave a single sequence that was
identical to the N-terminal sequence obtained for pu-
rified mouse XOR and verifies that XOR is a major
protein in the 60-P fraction.

The isoform composition of purified mouse mam-
mary gland XOR was investigated by IEF under both
nondenaturing and denaturing conditions. To compare
the IEF pattern of XOR enzymatic activity with the
staining pattern of total XOR protein, duplicate sam-
ples of purified XOR were loaded onto adjacent lanes
and subjected to IEF under nondenaturing conditions.
After focusing, one lane was stained for activity while
the other was stained for protein by silver staining.
Figure 3A shows that IEF resolved purified XOR into
three major protein bands and that each protein band
exhibited enzymatic activity. To obtain accurate pl val-
ues for XOR isoforms, affinity-purified XOR was dena-
tured in 8 M urea and subjected to equilibrium IEF in
urea-containing gels. Figure 3B is a plot of the relative
migration of the urea-denatured XOR isoforms at 20°C
as a function of the pH gradient of the gel. The average
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TABLE II
Ratio of XD to XO in Mammary Tissue and Milk

Reproductive Mammary gland Milk XD/XO
stage XD/XO (%XD) (%XD)
Virgin 7 = 3(88%) NA
12-Day pregnant 6.5 (87%) NA
7-Day lactating 2.3 £ 0.7(70%) 0.09 (9%)
15-Day lactating 4+ 1.1(80%) 0.11 (10%)
22-Day lactating 2.2 0.6 (69%) NA

Note. The relative amounts of XD and XO in mammary gland
extracts and milk are shown at selected stages of the reproductive
cycle. The relative amounts of XD and XO in each extract are ex-
pressed as XD/XO values. The percentage of the enzyme in the XD
form at each stage is shown in parentheses. XD/XO values for mam-
mary glands are average values * SD from individual assays of three
separate mouse mammary glands. The XD/XO values for milk are
single assays.

pl values of the XOR isoforms determined from this
plot were 7.55 + 0.01, 7.65 + 0.02, and 7.70 + 0.02.
Because no effort was made to prevent oxidation
during purification, the ratio of the dehydrogenase to
oxidase activities (XD/XO) of purified XOR was 0.05
which indicates that XO was the principal enzymatic
form of XOR obtained after purification. However, in-
cubating the purified enzyme with 5 mM DTT at room
temperature for 2 h increased its XD/XO ratio to 3.2.
Thus, as with XOR from other mammalian sources, the
enzyme purified from mouse mammary glands can be
converted from the XO form to the XD form by thiol
active compounds (8). Previous studies have demon-
strated that the predominant form of XOR in bovine
milk is XO (21), whereas XD appears to be the predom-
inant form of the enzyme in undamaged mammalian
tissues (2, 3). Given the high rate of milk production in
lactating mice it was uncertain which enzyme form
would predominate in mammary tissue. It was also
unclear whether the enzyme form of XOR in fully lac-
tating mammary tissue differed from that found in
nonlactating mammary tissue. Table II shows the ratio
of XD to XO activity (XD/XO) in mammary gland ex-
tracts at various stages of the reproductive cycle. Al-
though XD is the major form of XOR in mammary
tissue at all stages of the reproductive cycle, the rela-
tive proportion of the XD form was higher in the mam-
mary glands of virgin and pregnant animals. In con-
trast, 90% of the enzyme in fresh mouse milk (treated
with protease inhibitors and assayed within 5 min of
milking) was XO. The preponderance of the XO form in
fresh milk does not appear to simply reflect the inabil-
ity of lower levels of reducing equivalents in milk to
maintain XOR in the XD form, since several hours
were required for complete air oxidation of purified XD
to XO in the absence of reducing agents (see below).
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These results suggest that the rapid appearance of XO
in milk is a specific process regulated by its association
with milk lipid globule membranes. This possibility
was investigated by determining the effect of washed
MLGMs on the conversion of purified XD to XO. Figure
4 shows that in the absence of MLGMs relatively little
of the purified XD (XD/XO = 2.3) was converted to XO
after 90 min at room temperature. In contrast, the
addition of MLGMSs to purified XD resulted in its com-
plete conversion to XO within 5 min. Boiling MLGMs
prior to their addition to XD abolished their ability to
catalyze the conversion of XD to XO as shown by sim-
ilar XD to XO conversion rates for untreated XD and
XD incubated with boiled MLGMs (Fig. 4). Thus,
MLGMs appear to possess enzyme activity capable of
catalyzing the conversion of XD to XO and the kinetics
of this process are consistent with the rapid appear-
ance of XO in milk.

Changes in XOR levels during the reproductive cycle.
Earlier studies demonstrated that the enzyme activity
and protein levels of XOR in lactating mouse mam-
mary tissue are substantially greater than those in
virgin mammary tissue (12-14). However, the time
course by which these changes occur was not fully
delineated. To better characterize how XOR levels
change during mammary gland development we deter-
mined the relative levels of XOR activity and immuno-
reactive protein in the mammary tissue of virgin, preg-
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FIG. 4. Effect milk lipid globule membranes on XD to XO conver-
sion. The conversion of XD to XO is shown as a function of incubation
time in 50 mM Tris, 1 mM EDTA, pH 8 (@), or in 50 mM Ttris, 1 mM
EDTA, pH 8, containing isolated bovine milk lipid globule mem-
branes (O) or isolated lipid globule membranes that were boiled for
20 min (W). The initial XD/XO ratio was 2.3 and corresponds to 70%
of the XOR in XD form.
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FIG.5. Changes in the relative activity of XOR in mouse mammary
glands during the reproductive cycle. (A) The relative activity of XOR
(mOD/min/mg protein: solid circle) in mammary gland extracts and
the relative protein content (mg protein/wet wt of mammary gland in
grams: open bar) of mouse mammary glands are plotted as a function
of reproductive stage. (B) The amount of XOR activity (mOD/min)/g
of mammary tissue is shown as a function of reproductive stage.
Relative XOR activities refer to allopurinol-sensitive rates deter-
mined using the xanthine/DCIP assay.

nant, and lactating mice at multiple time points
throughout the reproductive cycle. Figure 5 shows the
change in XOR activity in mouse mammary tissue
during the reproductive cycle. In Fig. 5A, relative XOR
activity is expressed per milligram of mammary gland
protein and is compared with the amount of soluble
protein per gram of mammary tissue at various repro-
ductive stages. The results show that the relative XOR
activity in mammary glands began to increase on about
day 14 of pregnancy (P14) and reached an initial peak
around birth. After parturition the relative XOR activ-
ity of the glands decreased slightly initially but then
increased again and peaked at approximately day 15 of
lactation (L15) before returning to virgin levels by
L19-120. The decline in the relative XOR activity that
occurs at parturition does not appear to be due to a
decrease in enzyme levels but rather to marked in-
creases in the synthesis of the major milk proteins
(e.g., B-casein, a-lactalbumin) that occurs at the onset
of lactation. As shown in Fig. 5B, if the levels of XOR
activity are normalized per gram of mammary tissue
they remained relatively constant between P14 and L6.
To verify the reproducibility of the time course of XOR
development and determine the average increase in
XOR during the reproductive cycle, we measured the
relative XOR activities in mammary tissue from mul-
tiple animals at selected stages of the reproductive
cycle. As shown in Table III there appears to be rela-
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tively little interanimal variability in the time course
of XOR development. The average relative XOR activ-
ity increased nearly fourfold over the levels in virgin
tissue by P15 and more than ninefold over virgin levels
by L14 and had returned to near virgin levels by L19.

The increase in the relative XOR activity in mouse
mammary tissue during pregnancy and lactation was
accompanied by increased amounts of XOR protein.
Figure 6 shows a representative Western blot of XOR
in extracts of mouse mammary glands at various peri-
ods of the reproductive cycle. The primary immunore-
active band at all stages was the 150-kDa subunit of
XOR, although weaker staining lower molecular
weight bands (near the 71-kDa marker) were observed
in some extracts (Fig. 6, lanes e and g). Thus, mam-
mary gland XOR appears to be mostly intact through-
out the reproductive cycle. Prior to P14 it was difficult
to detect XOR by Western blotting, but between P14
and P18 there was a steady increase in the amount of
XOR immunoreactivity in mammary gland extracts.
The average amount of immunoreactive XOR in mam-
mary tissue from P16 to P18 mice was 4.5 = 1.1-fold
(N = 3) greater than that found in virgin mouse mam-
mary tissue. Between P18 and L6 there was relatively
little change in XOR immunoreactivity; however, by
L15-L16 it had increased an additional 2.1 = 0.2-fold
(I = 3) over P18 values resulting in an overall increase
of 9.5-fold over the levels in virgin mammary tissue. In
both pregnant and lactating mouse mammary tissue

TABLE III

Changes in Mammary Gland XOR Specific
Activity during the Reproductive Cycle

Relative increase
in XOR activity

Average relative
XOR activity

Reproductive stage (avg + SD) (% of virgin values)
Virgin 43+ 14 100
12-Day pregnant 52+ 7 121
15-Day pregnant 164 = 11 381
Birth 216 = 16 502
2-Day lactating 82+ 8 191
10-Day lactating 191+ 30 440
14-Day lactating 400 *+ 111 930
16-Day lactating 315 + 45 730
19-Day lactating 68 =+ 20 158

Note. The change in the relative XOR activity in mouse mammary
glands during the reproductive cycle is shown. XOR activity is shown
as the average relative XOR activity in extracts of mouse mammary
tissue at selected stages of the reproductive cycle. Relative XOR
values refer to allopurinol-sensitive xanthine oxidation rates per
milligram of protein. Xanthine oxidation rates were determined us-
ing DCIP as an electron acceptor (see Experimental Procedures).
Each value is the mean *+ SD of three separate tissue extracts. The
relative increase in XOR activity is shown as the percentage increase
over the average relative XOR values in virgin glands.
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FIG. 6. Changes in the levels of XOR immunoreactive protein in
mouse mammary glands during the reproductive cycle. The relative
levels of XOR in extracts of mammary glands from mice at various
stages of the reproductive cycle were investigated by immunoblot
analysis using affinity-purified anti-XOR antibodies. Prior to SDS-
PAGE, mammary gland extracts were concentrated by precipitation
in 60% ammonium sulfate; precipitated protein was redissolved in 25
mM Hepes, pH 7.5. Each lane contains 25 ug protein. a, virgin; b,
P14; ¢, P16;d, P18; ¢, L1; f, L6; g, L16; h, L19. Immunoreactive bands
were detected with ['*]I-Protein A. The migration positions of mo-
lecular weight standards (Kaleidoscope prestained standards, Bio-
Rad) are shown by numbered arrowheads on the left. 1, myosin (205
kDa); 2, B-galactosidase (119 kDa); 3, bovine serum albumin (85
kDa); 4, carbonic anhydrase (41.8 kDa).

XOR was found only in alveolar epithelial cells by
immunofluorescence microscopy (data not shown).
Thus, the changes in XOR content in the gland appear
to reflect selective increases in the amount of XOR in
milk-secreting cells.

DISCUSSION

In this study we characterized the biochemical prop-
erties and development of mouse mammary gland
XOR. XOR was purified as a highly active enzyme by
affinity chromatography on benzamidine-Sepharose.
The average specific activity of the purified enzyme
was comparable to highly purified XOR from other
sources (15, 22, 24) and was significantly greater than
the values reported for the enzyme isolated from hu-
man milk (23). In addition, the AFR of our XOR prep-
aration was close to the theoretical maximum (200)
predicted for XOR (1). Thus, it also appears to be free of
inactive enzymatic forms.

SDS-PAGE and amino acid sequence analyses veri-
fied that our preparation of XOR was structurally in-
tact and homogenous. However, IEF analysis, under
both native and urea-denaturing conditions, showed
that it exhibited a significant amount of charge hetero-
geneity. Isoelectric variants of bovine milk XOR have
been demonstrated previously by two-dimensional gel
electrophoresis using protein staining and immunolog-
ical detection methods (9, 25) and enzymatically active
XOR isoforms have been identified in partially purified
preparations of bovine milk XOR by isoelectric focusing
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(15, 25). However, the number of isoforms reported for
bovine milk XOR has been variable (9, 25), and the
basis for the isoforms is unclear since these studies
were performed on XOR preparations of variable pu-
rity, structural integrity, and catalytic activity. Conse-
quently, the contribution that intact, but enzymati-
cally inactive forms of the enzyme such as those found
in human milk (27) made to the apparent charge het-
erogeneity reported for XOR in these preparations was
unclear. Similarly, it was unclear if isoelectric variants
detected by enzymatic activity were due to distinct
forms of XOR or to the presence of partially degraded,
but catalytically active enzyme (15). In the present
study we have demonstrated that charge heterogeneity
exists in highly purified preparations of mouse mam-
mary gland XOR that are free of inactive enzyme forms
and are structurally intact. Moreover, we documented
that each isoform was catalytically active and that the
relative activity of each isoform was proportional to its
silver-staining intensity. Thus, charge heterogeneity
does not appear to be due to the presence of inactive, or
partially degraded, forms of XOR. Similar isoelectric
variants were observed for urea-denatured XOR and
the experimentally determined pl values (7.55, 7.65,
and 7.70 at 20°C) are in close agreement with the pl
(7.62) calculated® from the amino acid sequence de-
duced from the ¢cDNA of mouse XD (20). Since XOR
appears to be a single-copy gene (28), these findings
suggest that XOR isoforms are due to minor posttrans-
lational modifications of a single gene product.

The observation that crude mammary gland extracts
contained sufficient quantities of XOR to permit detec-
tion by Coomassie blue staining and N-terminal se-
quence analysis suggests that the enzyme is a major
soluble protein of lactating mouse mammary glands.
Our purification studies showed that the isolation of
homogenous, high-specific-activity XOR from lactating
mouse mammary tissue required only an 80-fold puri-
fication. Combined with a typical recovery of XOR ac-
tivity of 50—-60% this result suggests that XOR repre-
sents about 2% of the total soluble protein in lactating
mammary tissue, which agrees with the estimated
level (1% of the soluble protein) of XOR in lactating
bovine mammary tissue (29). The biological signifi-
cance of high cellular levels of XOR in lactating mam-
mary glands is unknown. However, recent findings
that the enzyme from human milk exhibits low cata-
lytic activity toward traditional reducing substrates,
such as xanthine and hypoxanthine (23, 27), suggest
that purine metabolism may not be the principal role of
XOR in mammary tissue.

‘R. D. Appel, A. Bairoch, and D. F. Hochstrasser (1994) Trends
Biochem. Sci. 19, 258 -260.




.

MOUSE MAMMARY GLAND XANTHINE OXIDOREDUCTASE

»

The predominant enzymatic form of XOR in mouse
mammary tissue is dehydrogenase (XD). In virgin tis-
sues and throughout lactation the majority (70-90%)
of XOR in mouse mammary tissue exists in the XD
form. In contrast, nearly all of the XOR in mouse milk
exists in the XO form. Thus, the enzymatic properties
of the intracellular form of XOR are distinct from those
of the secreted form. At present, the basis for this
difference is unknown. Although XD can be converted
to XO by air oxidation or by partial proteolysis, it is
unlikely that either of these processes is responsible for
the preponderance of XO in mouse milk. In our study
the relative activities of the XD and XO forms were
measured within 5 min of collecting milk and at this
time 90% of the enzyme existed as XO. In contrast,
there appeared to be relatively little conversion of XD
to XO in mammary tissue extracts exposed to air 30 to
40 min before assay. In addition, we found that several
hours are required for complete oxidation of purified
XD to XO in solutions exposed to air. Thus, it is un-
likely that short exposure to air can account for the
high levels of XO in milk. It is also unlikely that the XO
form in mouse milk was generated by proteolytic con-
version of XD to XO, as milk was treated with protease
inhibitors, and the XOR in milk lipid globules was
shown to be intact by SDS-PAGE and N-terminal
amino acid sequence analyses (data not shown). These
results raise the possibility that conversion of the XD
to the XO form is a specific process that occurs rela-
tively rapidly and may be associated with formation
and/or secretion of MLG. This possibility is supported
by our observation that milk lipid globule membranes
are capable of catalyzing the conversion of XD to XO
and by XO-specific histochemical studies (11) showing
large amounts of XO in bovine milk lipid globules but
relatively little XO in the milk-secreting epithelial cells
of the bovine mammary gland. Coupled with immuno-
cytochemical studies demonstrating that XOR is en-
riched on the apical plasma membrane of lactating
bovine epithelial cells (9), these observations suggest
that XD to XO conversion is associated with milk lipid
secretion.

Previous studies documenting increased expression
of XOR in mouse mammary glands during late preg-
nancy led to suggestions that it may play a role in
mammary gland differentiation (12-14). The differen-
tiation of alveolar epithelial cells into milk-secreting
cells typically begins during the latter part of preg-
nancy (30). During this period there is increased ex-
pression of milk-specific proteins (e.g., casein) and the
enzymes involved in the synthesis of milk components
(30, 31). However, the synthetic and secretory capabil-
ities of mammary epithelial cells continue to develop
during lactation (30, 31). In mice, milk production and
the levels of many of the key enzymes involved in the
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synthesis of milk components continue to increase, as
nursing demands increase, until about the 15th day of
lactation (32). Subsequently there is a rapid decline in
milk production and milk protein levels as nursing
demands decrease during the weaning period (32). Our
results show that XOR protein and activity levels in
the lactating mammary gland increase during both
lactogenesis and lactation and decline during the
weaning process. Thus, the levels of XOR appear to be
correlated with changes in the functional status of the
mammary gland. These observations suggest that XOR
may be of functional importance to the lactating mam-
mary gland and are consistent with the proposed in-
volvement of XOR in the secretion of milk lipids (33).
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Xanthine oxidoreductase (XOR) is a 300-kDa ho-
modimer that can exist as an NAD*-dependent dehydro-
genase (XD) or as an O,-dependent oxidase (XO) depend-
ing on the oxidation state of its cysteine thiols. Both XD
and XO undergo limited cleavage by chymotrypsin and
trypsin. Trypsin selectively cleaved both enzyme forms
at Lys'®, while chymotrypsin cleaved XD primarily at
Met®! but cleaved XO at Met'®! and at Phe®®°. Chymo-
trypsin, but not trypsin, cleavage also prevented the
reductive conversion of XO to XD; thus the region sur-
rounding Phe’®® appears to be important in the inter-
conversion of the two forms. Size exclusion chromatog-
raphy showed that disulfide bond formation reduced
the hydrodynamic volume of the enzyme, and two-di-
mensional gel electrophoresis of chymotrypsin-digested
XO showed significant, disulfide bond-mediated, confor-
mational heterogeneity in the N-terminal third of the
enzyme but no evidence of disulfide bonds between the
N-terminal and C-terminal regions or between XOR sub-
units. These results indicate that intrasubunit disulfide
bond formation leads to a global conformational change
in XOR that results in the exposure of the region sur-
rounding Phe®®°, Conformational changes within this
region in turn appear to play a critical role in the inter-

conversion between the XD and XO forms of the enzyme. -

Xanthine oxidoreductase (XOR)' plays an important func-
tion in vertebrate metabolism by catalyzing the oxidation of
xanthine to uric acid, the rate-limiting step in purine degrada-
tion (1). Native XOR is a 300,000-dalton dimer composed of
identical and catalytically independent subunits. Each subunit
consist of 1333-1358 amino acids, depending on the species,
and contains binding sites for molybdopterin, iron, and flavin
co-factors (2, 3). The genes and full-length coding regions for
XOR from mammals, chickens, insects, and fungi have been
described (4-10). Analysis of these cDNAs has shown that the
amino acid sequence of XOR is highly conserved across the
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phylogenetic spectrum. The enzymes from rats, mice, humans,
and cattle exhibit ~90% identity, while the chicken and Dro-
sophila enzymes exhibit, respectively, 70 and 52% identity with
mammalian enzymes (3).

In mammals, XOR can exist in two enzymatic forms: a de-
hydrogenase (XD; EC 1.1.3.204) which utilizes NAD* as an
electron acceptor and an oxidase (XO; EC 1.1.3.22) which uti-
lizes O, as an electron acceptor (11, 12). Both enzymatic forms
are the product of the same gene and are identical in size,
subunit composition, and co-factor requirements (2, 3). To date,
XD appears to be the predominant enzyme form in freshly
prepared mammalian tissues (11-13); however, it is often iso-
lated in the XO form during purification (2). It is unclear if XD
and XO serve distinct biological roles. High levels of the XO
have been associated with tissue injury and certain diseases
(14, 15) and are thought to contribute to oxidative damage of
cells through the generation of cytotoxic oxygen metabolites
(H,0, and O3) (14). The XD form, on the other hand, may be an
important component in the defense against oxygen radical
damage through its role in the synthesis of uric acid, a potent
antioxidant (16).

The cellular mechanism(s) that regulate the relative tissue

- levels of the XD and XO forms of XOR are poorly defined. XD

can be converted to XO in a reversible process by heating or
oxidation of cysteine thiols to form disulfide bonds (11, 17). The
oxidative conversion of XD to XO has been shown to be associ-
ated with the oxidation of selected cysteines (17), loss of NAD™*
binding affinity (3), alterations in redox and kinetic properties
(18, 19), and conformational changes at the flavin-binding site
(20, 21). However, specific protein domains involved in these
changes have not been identified, and the underlying molecular
basis of the redox-mediated XD to XO conversion is still uncer-
tain. In addition, it is unclear to what extent conformational
changes within the flavin-binding site reflect larger changes in
the global conformation of XOR and whether such changes are
necessary for the conversion of XD to XO. XD can also be
irreversibly converted to XO by proteolysis (6, 11, 17). Recent
crystallographic studies have shown that proteolysis of XD
leads to structural alterations near the flavin cofactor domain
(22). However, the crystallographic structure of intact XO gen-
erated by cysteine oxidation has not been solved, and thus it is
unclear how similar the structure of disulfide-bonded XO is to
proteolyzed XO. In the present study we have used peptide
mapping, chromatography, and two-dimensional gel electro-
phoresis to identify differences in the solution conformations of
XD and XO and to investigate the role conformation changes
play in the XD to XO conversion.

EXPERIMENTAL PROCEDURES

Materials—XOR (2.5-3.1 IU/mg) isolated from bovine milk in the
oxidase form (XO) according to Waud et al. (23) was a generous gift from
Dr. Joseph McCord (Webb-Waring Antioxidant Research Institute, Uni-
versity of Colorado Health Sciences Center). Sequencing grade trypsin
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and chymotrypsin were purchased from Boehringer-Ingleheim Inc. BS3
(bis(sulfosuccinimidyl) suberate) was purchased from Pierce. Polyvi-
nylidene difluoride membranes (Hyperbond) were purchased from
Beckman Instruments Inc. Centricon ultrafiltration membranes were
purchased from Amicon Inc. Other chemicals and reagents were ob-
tained from either Sigma or Fischer Scientific.

Preparation of XD and Determination of XD and XO Isoforms—
Purified XO was converted to XD by incubation with 5-10 mm DTT at
room temperature for 1-2 h (17). The enzyme was then cooled to 4 °C
and subjected to ultrafiltration at 4 °C using Centricon 10,000-Da cut-
off membranes to remove DTT. Enzymatic activity specifically associ-
ated with either XD (xanthine:NAD* oxidoreductase activity) or XO
(xanthine:0, oxidoreductase activity) was calculated as the allopurinol-
sensitive rates of aerobic formation of uric acid from xanthine in the
presence (XD) or absence (XO) of 0.6 mM NAD", and the ratio of XD to
XO activities (D/O) was calculated according to Waud and Rajagopolan
(12) as described previously (24). Total XOR activity (both XD and XO
activities) was routinely assayed by the reduction of dichloroindophenol
using xanthine as a substrate (xanthine/dichloroindophenol assay) as
described previously (24). Total protein was quantified using the bicin-
choninic acid method (25).

Protease Digestion—XOR (5-20 pg) in the XD or XO form was incu-
bated at room temperature (25 °C) with 1/20 (w/w) chymotrypsin or
trypsin in 50 mM Tris, 150 mM NaCl, pH 8, for 90 min. The reaction was
stopped by the addition of phenylmethylsulfonyl fluoride. The samples
were then assayed for enzyme activity and/or processed for SDS-PAGE
analysis as described below.

Electrophoretic Analyses in One and Two Dimensions—Electrophore-
sis was performed using a mini-Protean II gel apparatus (Bio-Rad) with
0.75-mm spacers. For one-dimensional electrophoresis samples were
diluted with an equal volumes of 2X concentrated SDS-PAGE sample
buffer (0.125 M Tris, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, pH
6.5), heated for 3 min at 95 °C, and separated by electrophoresis in 10%
acrylamide gels containing 0.1% SDS at room temperature. For two-
dimensional electrophoresis samples were diluted with equal volumes
of 2X concentrated SDS-PAGE sample buffer without 2-mercaptoetha-
nol, heated for 3 min at 95 °C, and subjected to electrophoresis in 10%
acrylamide gels as described above. When the tracking dye reached the
bottom of the gel, electrophoresis was stopped and the protein-contain-
ing lanes were excised and prepared for electrophoresis in the second
dimension by incubation in 3 ml of SDS-PAGE sample buffer containing
5% 2-mercaptoethano! for 1 h at 60 °C. After reduction the lanes were
layered on top of the second dimension gel (10% acrylamide, 0.1% SDS)
perpendicular to the direction of electrophoresis. Gaps were sealed with
melted agarose (1%) containing 2% SDS, 50 mM DTT. After electro-
phoresis protein bands were detected by silver staining (26).

Chemical Cross-linking Studies—XO was cross-linked by reaction
with a 50-fold molar excess of BS3 in phosphate-buffered saline, pH 7.5,
according to the manufacturer’s instructions.

Protein Sequence Determination—N-terminal amino acid sequence
analyses were performed by automated Edman degradation of proteins
electroblotted to polyvinylidene difluoride (27) using an Applied Biosys-
tems Inc. model 477A automated protein sequencing instrument
equipped with an in-line model 120 HPLC.

Size Exclusion-HPLC Analysis—HLPC-size exclusion chromatogra-
phy (HPLC-SEC) analysis was performed on a Beckman System Gold
Instrument using a 7.8 X 600-mm SEC-3000 column (Phenomenex Inc.)
equilibrated in phosphate-buffered saline, pH 7.5. Chromatography
was performed at room temperature at a flow rate of 1 mVmin. The
elution of protein and enzyme activity were monitored at 220 nm using
an online UV detector and (where indicated by collecting fractions)
using an electronically activated fraction collector (Gilson, FC 203B)
that was synchronously integrated to sample injection. Determination
of XD and XO retention times was performed using a 25-u] injection
loop and sample protein concentrations of 1 mg/ml. XO was converted to
XD by incubation with 10 mM DTT at room temperature for at least 1 h
prior to analysis. Mean retention times of each enzyme form were
determined from a minimum of five HPLC-SEC analyses. The SEC
properties of cross-linked XO were determined using a 100-ul injection
loop. Eluted protein was collected into 0.3-ml fractions. XO activity was
determined using the xanthine/dichloroindophenol assay. The electro-
phoretic characteristics of the cross-linked protein were determined by
SDS-PAGE analysis and silver staining as described above.

RESULTS

XD and XO Have Different Proteolytic Digestion Patterns—
Differences in the environment surrounding the flavin co-factor
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Fic. 1. Trypsin and chymotrypsin digestion patterns of XD
and XO0. XD (D/O = 7) and XO (D/O < 0. 1) were incubated with trypsin
or chymotrypsin at 25 °C at an enzyme to protease ratio of 20/1 for the
indicated times. The reaction was stopped with phenylmethylsulfonyl
fluoride, and the digestion pattern was analyzed by SDS-PAGE using a
10% acrylamide gel. A shows the chymotrypsin digestion patterns of XD
and XO. B shows the trypsin digestion patterns of XD and XO. The
migration positions of molecular weight marker proteins (Kalidoscope
standards, Bio-Rad) are shown on the right in each panel.

binding regions of XD and XO have been reported previously
(20, 21). To determine whether these differences reflect broader
structural changes we investigated the trypsin and chymotryp-
sin digestion patterns of both catalytic forms (Fig. 1). Chymo-
trypsin cleavage of XO (D/O = 0.1; 90% XO form) generated
three major cleavage products with estimated molecular
weights on SDS-PAGE of 85,000 (band 1), 64,000 (band 2), and
44,000 fragments (band 3). In contrast, chymotrypsin cleavage
of XD (D/O = 7.1; 88% XD form) yielded a single major product
with an estimated molecular weight of 125,000 (band 5) and
minor amounts of a 44,000 fragment (band 6). Trypsin cleavage
of either isozyme of XOR generated a single 125-kDa fragment
(Fig. 1B, bands 7 and 8). In agreement with earlier studies (6,
11, 17) neither chymotrypsin nor trypsin digestion affected
total XOR activity or altered the apparent molecular weights of
the isozymes (data not shown).

The identities of the cleavage sites were determined by N-
terminal sequencing and comparing the experimentally deter-
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. TABLE 1
Identification of trypsin and chymotrypsin cleavage sites

The N-terminal sequences of peptide fragments generated by incubation of XD and XO with trypsin or chymotrypsin are shown with their

corresponding positions within XOR and their cleavage sites.

E : N-terminal Correspondin, Cleavage
?ozrymm ¢ Protease Fragment size secelfl?xixc]e pogitionpgr? )EO%{ position
X0 Trypsin 125 kDa (Band 7) KDHTVTL Lys'®.Leu'®* Lys'®®
X0 Chymotrypsin 85 kDa (Band 1) QEVPNGQ GIn®%1-GIn®¢" Phe®®
X0 Chymotrypsin 64 kDa (Band 2) TADELVFF Thr2-Phe® NA
X0 Chymotrypsin 44 kDa (Band 3) NQKKDHT Asn*®2.Thr!%® Met2®8!
XD Trypsin 125 kDa (Band 8) KDHTVTL Lys'®®-Leu®! Lys®
XD Chymotrypsin 125 kDa (Band 5) NQKKDHT Asn'®2.Thr'®® Met?8?
A B
1r 1r
Fic. 2. Hydropathy profile of re-
gions surrounding Met'®' and Phe®® ot ot
of bovine XOR. Kyte and Doolittle hy- o ®
dropathy profiles of bovine XOR from 8 °
Val'°l_Phe?°! (A) and from Gly®°2-Asn®* & 3
(B). The hydropathy profiles are based on 5 |
the amino acid sequence deduced from -1 -1
bovine XOR ¢DNA (7). The locations of
trypsin and chymotrypsin cleavage sites
are indicated in each panel.
-2 f 27
Met 181 \
Lys 184
.3 L L ke -3 1 1 [l
100 140 180 500 540 580
Position Position

mined sequences to the deduced sequence of bovine XD ¢cDNA
(7). Table I shows the sequences of the first 7 amino acids of the
major XD and XO cleavage products, the position of these
sequences within the enzyme, and the corresponding cleavage
site. The N-terminal sequences of the 125-kDa fragments
{(bands 7 and 8) generated by trypsin digestion of XD or XO
correspond to Lys'®®—Leu!®! and are consistent with cleavage
of both enzyme forms at Lys!®%. The sequence of the 125-kDa
fragment (band 5) generated by chymotrypsin digestion of XD
corresponds to Asn'®>-Thr!®® and is consistent with cleavage
at Met8L. Based on the deduced amino acid sequence of bovine
XD the calculated molecular mass values for peptide fragments
from Asn!®? to Val'®3! (the C terminus of bovine XD) and
Lys!85-Val'%3? are 127,225 and 126,854 kDa, respectively (28).
These values are in good agreement with SDS-PAGE size es-
timates (~125 kDa) for the major fragments generated by
trypsin digestion of XD or XO and chymotrypsin digestion of
XD, and indicate that these fragments contain the C terminus
of XOR.

The N-terminal sequence of the 85-kDa fragment (band 1)
generated by chymotrypsin digestion of XO corresponds to
GIn®®'_GIn®®7 and is consistent with cleavage at Phe®®®. The
sequence of the 64-kDa fragment (band 2) corresponds to the N
terminus of purified XOR (Thr?>-Phe”). The sizes of the 64- and
85-kDa fragments by SDS-PAGE agree reasonably well with
the predicted molecular masses of the N-terminal (Thr?-Phe%’;
61,678 daltons) and C-terminal (GIn®6'-Val'®3!; 84,829 dal-
tons) peptide fragments generated by cleavage at Phe®®C, These
results suggest that the 64- and 85-kDa fragments are primary
products of chymotrypsin digestion of XO. The sequence of the

first 7 amino acids of the 44-kDa fragment (band 3) corresponds
to Asn!82-Thr®® and is consistent with cleavage at Met'3. The
size of this fragment agrees with that predicted for a peptide
fragment from Asn®2 to Phe%¢° (42,413 daltons) and suggests
that the 44-kDa fragment is generated by cleavage of the 64-
kDa fragment at Met'®!, Hydropathy analysis (28) of the amino
acid sequences surrounding the cleavage sites (Fig. 2) shows
that Met!8! and Lys!®* lie in a hydrophilic region, while Phe®®°
is in a relatively hydrophobic region of XOR. These results
demonstrate that native XD and XO possess distinct solution
conformations characterized, in part, by exposure of a hydro-
phobic region containing Phe®® in the XO form.

XD and XO Possess Different Hydrodynamic Properties—To
determine whether the conformational differences in XD and
XO represented global changes in their conformations we in-
vestigated their hydrodynamic properties by size exclusion
chromatography. Fig. 3 shows the elution properties of XD
(D/O = 6.2) and XO (D/O < 0.1) during HPLC-SEC at pH 7.5.
Both forms of the enzyme eluted as single peaks (the small
amount of absorbance at later retention times in the XD sample
is due to DTT used to prepare XD) and appeared to be homog-
enous in composition. However, the average retention time of
X0 (17.52 * 0.11 min; n = 6) was longer than that of XD
(17.13 = 0.07 min; n = 5). These results indicate that disulfide
bond reduction leads to a significant change in the frictional
coefficient of XOR and is consistent with an increase in the
hydrodynamic volume of the enzyme. The nature of the disul-
fide .bonds within XO was investigated by two-dimensional
peptide mapping of chymotrypsin-digested XO under nonre-
duced and reduced conditions.
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Fic. 3. Size exclusion chromatogra- 0.06 |-
phy analysis of XD and XO. Samples of
XD (D/O = 6.2) and XO (D/O < 0.1), each
containing 20 ug of protein, were ana-
lyzed by HPLC-SEC in phosphate-buff-
ered saline, pH 7.5, using a 7.8 X 600-mm
SEC-3000 column (Phenomenex, Inc.).
Eluting material was monitored at 220
nm. The dashed and solid lines show rep-
resentative chromatograms of XD and
XO, respectively. The mean retention
times of XD (17.13 + 0.07 min; n = 5) and
X0 (17.52 + 0.11 min; n = 6) were signif-
icantly different; p < 0.01.
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Organization of Disulfide Bonds in XO—A representative
two-dimensional peptide map of chymotrypsin-digested XO is
shown in Fig. 4A. The digested enzyme was denatured in SDS
in the absence of reducing agents and subjected to SDS-PAGE
under nonreducing (first dimension) and reducing (second di-
mension) conditions. In addition to residual intact XO at 145
kDa, prominent bands at 85, 64, and 44 kDa were observed to
lie on the diagonal indicated by arrowheads. Additional bands
were also observed to the right of the diagonal at 64 and 44
kDa. The lack of significant staining to the left of the diagonal
indicates that there are few, if any, disulfide bridges between
undigested XO subunits or between the 85-, 64-, and 44-kDa
fragments generated by chymotrypsin digestion. The presence
of groups of bands spreading horizontally to the right of the 64-
and 44-kDa bands indicates the existence of electrophoretic
heterogeneity within these fragments. Since the first dimen-
sion was carried out in SDS under nonreducing conditions and
fragments within each group have the same size, this observa-
tion suggests that this heterogeneity is due to disulfide bond-
mediated conformational differences within these fragments.
To verify that the electrophoretic heterogeneity within the 64-
and 44-kDa fragments is the result of disulfide bonding, XO
was first digested with chymotrypsin and then incubated with
5 mmM DTT prior to two-dimensional peptide mapping. Fig. 4B
shows that under these conditions the 85-, 64-, and 44-kDa
fragments appear as tight bands on the diagonal (arrowheads),
and there is no evidence of electrophoretic heterogeneity asso-
ciated with these fragments.

Cross-linking Prevents Thiol-mediated Conversion of XO to
XD—To determine whether a conformational switch is re-
quired for the conversion of XO to XD we investigate the effects
of cross-linking on the conversion process. Table II shows the
effects of cross-linking XO with the amine-specific reagent BS3
on the ability of DTT to convert XO to XD as indicated by an
increase in the D/O ratio. The initial D/O values of cross-linked
and non-cross-linked (control) enzyme were <0.1. After incu-
bating with 10 mm DTT for 2 h the D/O of control XO increased
to nearly 4, whereas the D/O value of the cross-linked enzyme
was still less than 0.1. BS3 did not react with cysteine thiols or
interfere with the ability of DTT to reduce XO cysteine thiols
(data not shown). Moreover it did not interfere with the XD
activity of enzyme that was reduced prior to adding cross-
linking reagent (Table II). Thus, the inability of DTT to convert
BS3 cross-linked XO to XD does not appear to be due to a

15 20 25
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Fic. 4. Two-dimensional electrophoresis of chymotrypsin-di-
gested XO. XO was digested with chymotrypsin (20/1) at room tem-
perature and then analyzed by two-dimensional electrophoresis under
nonreducing conditions (first dimension) and reducing conditions (sec-
ond dimension). A, shows the two-dimensional electrophoresis pattern
of XO incubated with chymotrypsin for 1 h. B, two-dimensional electro-
phoresis of XO incubated with chymotrypsin for 2 h and then with 5 mm
DTT for 2 h. Protein fragments were detected by silver staining. The
orientation of electrophoresis in each dimension is shown at the top and
right side of each gel. The size of each band is shown on its right. The
arrowheads indicate the position of the diagonal.

specific interference of BS3 with XD enzymatic activity or its
reaction with cysteine thiols.

The nature of the BS3 cross-linked enzyme was character-
ized by HPLC-SEC and SDS-PAGE. The majority of the cross-
linked enzyme eluted with the same retention time as native
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TasLE II
The effect of cross-linking on the conversion of XO to XD by DTT

Equal amounts of XO (starting D/O = 0.1) were incubated with or without BS3 at pH 7.5 as detailed under “Experimental Procedures.” After

stopping the cross-linking reaction the samples were incubated with 10 mM DTT and their xanthine oxidation rates were determined in the
presence and absence of NAD*. A separate sample of XO was converted to XD prior to the addition of BS3. The rates of xanthine oxidation are

shown as the relative increase in absorbance at 295 nm (mOD) per min. D/O values were calculated as described under

“Experimental Procedures.”

Rate (—) NAD Rate (+) NAD
Treatment (A205 X 1000/min) (A295 X 1000/min) b/o
DTT reduced XO 5.5 27 3.9
BS3 x-linked XO reduced with DTT 10 11.3 <0.1
DTT reduced XO X-linked with BS3 1.5 10.9 6.2
- 125 kD& 118
107 . - B0 kDa
of <
364
.. 8Ff - -~ 42kDa
= Ie 30 32 34 36 38 40 42 44 48 £
g 11 tazs Fraction 1.0 E
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Fic. 5. Size exclusion chromatography of cross-linked X0. XO (50 ug; D/O = 0.1) was cross-linked with BS3 and analyzed by HPLC-SEC
in phosphate-buffered saline, pH 7.5. Fractions were collected every 0.3 min starting 12 min after injection. The elution of protein (solid line) and
XO activity (dotted line with triangles) are shown as a function of column retention time. The inset shows the SDS-PAGE and silver stain analysis
of selected fractions across the peak. The numbers adjacent to the XO activity profile indicate the fractions assayed by SDS-PAGE. The elution of
protein was monitored at 220 nm and the elution XOR activity was monitored using the xanthine/dichloroindophenol assay (“Experimental

Procedures”) and is shown as the relative rate of xanthine oxidation/min per 20-ul aliquot.

XO (Fig. 5). SDS-PAGE analysis of cross-linked XO (Fig. 5,
inset) showed that it was composed of bands between 180 and
200 kDa as well as bands near the top of the gel and at ~150
kDa. The results demonstrate that cross-linking primarily oc-
curs within, and/or between, individual XO subunits and that
there is relatively little cross-linking between enzyme mole-
cules or formation of large cross-linked enzyme aggregates.
Therefore, cross-linking also does not appear to influence the
assembly state of the enzyme. Together these results suggest
that cross-linking with BS3 prevents a conformational change
that is necessary for the reductive conversion of XO to XD.
Cleavage of XO at Phe®®° Prevents Conversion to XD—Since
exposure of the region containing Phe®%° is a distinct feature of
the XO conformation we tested the possibility that alterations
to this region by proteolytic cleavage would interfere with
conversion to XD by thiol reduction. Fig. 6 shows the effects of
trypsin and chymotrypsin digestion on the ability of DTT to
convert XO to XD (Fig. 6A) and on the conversion of XD to XO
(Fig. 6B). XO digested with trypsin for up to 2 h could still be
converted to XD by incubation with 5 mm DTT for 1 h; however,
digestion with chymotrypsin for as little as 30 min completely
prevented conversion. In contrast, neither chymotrypsin nor
trypsin digestion led to significant conversion of XD to XO.
Since chymotrypsin and trypsin cleave XO and XD at proximal
sites (Met'®! and Lys'8, respectively) within their N-terminal

regions it is unlikely that cleavage within this region is respon-
sible for the failure of DTT to convert chymotrypsin-cleaved XO
to XD. Conversely, the selective cleavage at XO at Phe®®® by
chymotrypsin suggests that structural alterations within this
region are responsible for the inability of XO to be converted to
XD by DTT reduction.

DISCUSSION

It is well established that mammalian XOR can be reversibly
converted from an NAD*-dependent dehydrogenase to an O,-
dependent oxidase by oxidation of cysteine thiols to disulfide
bonds (11, 12). The present study demonstrates that the con-
version of XD to XO involves a global conformational change
that is coupled to a reduction in the apparent hydrodynamic
size of XOR. The conformational change was mapped to a
specific region surrounding Phe®®® and was shown to be a
necessary step in the conversion process.

Although the specific activities of our preparations indicate
that 30-50% of the purified enzyme is catalytically inactive (2),
evidence from the literature and from the present studies sug-
gests that active and inactive XOR molecules possess similar
structures and undergo equivalent conformational changes.
First, catalytically inactive forms are present in many highly
purified and physically homogenous XOR preparations (2). The
inactive forms appear to result from specific alterations of the
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Fic. 6. Effects of trypsin and chymotrypsin digestion of inter-
conversion of XD and XO. A shows the effects of trypsin and chymo-
trypsin digestion on the conversion of XO to XD by DTT. XO was
incubated with trypsin or chymotrypsin at room temperature for the
indicated times, at a ratio of enzyme to protease of 20/1. The reactions
were stopped with phenylmethylsulfony! fluoride, and the samples
were then incubated with 5 mM DTT for 1 h at room temperature and
assayed for XD and XO activities as described under “Experimental
Procedures.” The control sample shows the D/O of undigested XO that
was incubated with 5 mm DTT for 1 h. The total XOR activity (D + O)
in control and protease-digested samples averaged 17.1 + 2 umol of uric
acid/ml/min. B shows the effects of trypsin and chymotrypsin digestion
on the conversion of XD to XO. XD (D/O = 7) was incubated with trypsin
or chymotrypsin at room temperature for the indicated times. The
reactions were stopped with phenylmethylsulfonyl fluoride and the
samples were assayed for XD and XO activities. The control sample
shows the D/O of undigested XD incubated at room temperature for 2 h.
The total XOR activity (D + O) in control and protease-digested sam-
ples averaged 15.4 + 2.8 umol of uric acid/mV/min. In both A and B the
mean D/O values (bars) of duplicate samples are shown as a function of
digestion time for each protease. The values above each bar show the
percentage of the enzyme in the XD form.

molybdopterin cofactor (2) and not from alterations in the
structural properties of the protein. Second, the hydrodynamic
and electrophoretic properties of our purified XOR prepara-
tions demonstrate that the enzyme is intact and is composed of
a relatively homogenous population of molecules. Size exclu-
sion chromatography of the XD and XO isoforms also indicates
that there is a uniform response to thiol reduction of XO. Third,
the precise proteolytic patterns observed for both the XD and
XO isoforms indicate that within a given isoform population
the overall conformations are relatively homogenous.

The limited and highly selective cleavage of XD and XO by
trypsin and chymotrypsin is consistent with previous proteol-
ysis studies of rat and bovine XOR (6, 29) and with subtilisin
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cleavage of chicken XD (8) and indicates that the native con-
formations of both isoforms are highly ordered and that homol-
ogous forms of avian and mammalian XOR have similar struc-
tural domains. Trypsin selectively cleaved the bovine XD and
XO isoforms at Lys'®*. The absence of significant amounts of
additional trypsin cleavage products indicates this region is
highly accessible in the native conformations of both enzyme
forms and that the degree of local segmental motion within this
region is significantly greater than that of other regions of the
enzyme (30, 31). Chymotrypsin selectively cleaved XD and XO
at an adjacent site in this region (Met!®'). The close proximity
of the Met'®! and Lys'®* sites combined with earlier findings
that trypsin cleaves rat liver XD at Lys!®® (6) and subtilisin
cleaves chicken liver XD at a homologous site (Lys2®) suggests
that flexible structural properties are a general feature of this
region in both mammalian and avian XOR molecules. Compar-
ison of the amino acid sequences of mammalian and avian
enzymes shows that Lys'8* and Met'®! are located in a highly
conserved, hydrophilic region of the enzyme at the boundary
between the iron-sulfur and flavin domains (8, 10, 22).

In contrast to the high susceptibility of Met!®! and Lys!8* to
proteolytic attack in both XD and XO isoforms, Phe®? is
cleaved by chymotrypsin only when it is in the XO form. Hy-
dropathy analysis shows that Phe®® is in a relatively hydro-
phobic region of the enzyme that would be expected to exhibit
reduced solvent exposure under physiological conditions. The
observation that this site becomes accessible to chymotrypsin
only after XD is converted to XO therefore suggests that disul-
fide bond formation produces significant structural changes
within this region of XOR. Based on sequence alignment com-
parisons of XOR family members (32) and crystallographic
studies of bovine XD (22), the Phe®®? site appears to be in an
unstructured region near the boundary of the flavin and mo-
lybdopterin domains. Thus, disulfide bond formation appears
to produce conformational changes that delineate the extent of
the flavin-binding region of XOR. Furthermore, size exclusion
analysis indicates that disulfide bond formation reduces the
hydrodynamic size of XOR. These results extend previous ob-
servations (20, 21) of conformational changes within the flavin-
binding site following thiol oxidation-dependent conversion of
XD to XO by demonstrating that the conversion involves spe-
cific structural alterations and global changes in the hydrody-
namic properties of XOR.

The pattern of chymotrypsin digestion of bovine milk XD is
different from that previously reported for rat liver XD (11). In
this earlier study, chymotrypsin cleavage of XD generated sig-
nificant amounts of 64- and 44-kDa fragments. However, the
D/O value of enzyme used in these studies was 1.3; thus their
preparation appeared to contain significant amounts of the XO
form. In addition, the digestion was carried out at 37 °C, which
potentially leads to local unfolding (30) and has been reported
to result in the conversion of XD to XO (17). Therefore, the
basis for the difference in chymotrypsin cleavage pattern may
reside in the relative XD/XO composition of the sample and/or
temperature-dependent conformational changes, rather than
actual differences in the conformations of the rat and bovine
enzymes. This conclusion is supported by the similarity of the
chymotrypsin cleavage pattern of chicken XDH at 25 °C (33) to
that reported here for bovine XDH. Since avian XOR exists only
in the XDH form (8) and contains a region that is highly
homologous to that surrounding Phe®®® of bovine XOR (8), it is
likely that the inaccessibility of the Phe®®° region to chymo-
trypsin is a general feature of the XDH isoform.

Initial studies of the XD to XO conversion suggested that the
cysteine residues affecting the dehydrogenase activity of XOR
were located in the cysteine-rich N-terminal region (6, 17).
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However, recent studies of rat liver XOR have led to the pro-
posal that Cys®3® and Cys®®? are involved in the conversion
through the formation of disulfide bonds between these resi-
dues (34). Our two-dimensional electrophoresis results provide
evidence of significant disulfide bond formation within the
N-terminal region of XOR (the 44- and 64-kDa fragments) but
not between residues located in the C-terminal fragment (the
85-kDa band, which contains Cys®®?) and N-terminal fragment
(the 64-kDa band, which contains Cys®3?). Since these residues
are conserved in all mammalian enzymes studied to date, our
data suggest the Cys®3® and Cys®? form disulfide bonds with
as yet unidentified Cys residues in the 64- and 85-kDa regions,
respectively.

The basis of the disulfide bond heterogeneity in the N-termi-
nal region of XO is unknown. However, milk XO appears to be
formed by the action of a membrane-bound sulfhydryl oxidase
during the secretion process (13, 35). If the conformation of XD
leads to clustering of cysteine residues it is possible that this
enzyme might catalyze formation of disulfide bonds within
groups of closely associated cysteine residues resulting from
the generation of XO molecules with different disulfide bond
combinations and consequently different conformations and
electrophoretic mobilities. The formation and rearrangement of
disulfide bond isomers by folding catalysts such as protein-
disulfide isomerase are known to occur during the folding of
nascent proteins and are part of the process of generating
proper native conformations (36). A similar process may occur
in the conversion of XD to XO during milk secretion and lead to
the formation of disulfide bond isomers of XO.

Two lines of evidence from the present study demonstrate
that the conversion of XO to XD is dependent on specific struc-
tural changes associated with disulfide bond reduction. The
first is that cross-linking XO prevents the reductive conversion
of XO to XD. Cross-linking did not interfere with XOR activity,
and the majority of the cross-linking was intramolecular and
occurred without major changes in the conformation of XO.
Thus it appears that the inability of DTT to convert cross-
linked XO to XD is not due to alterations in substrate utiliza-
tion or artifactual intermolecular interactions between cross-
linked XOR dimers. The second is that selective cleavage of XO
at Phe®® prevents conversion to XD by DTT. Because trypsin
and chymotrypsin cleave XO at nearby sites in the N-terminal
region but only chymotrypsin cleavage prevents conversion to
XD, it appears that structural changes within the region
around Phe®®° are critical for the conversion process. As yet it
is unclear if cleavage at Phe®®® alone or a combination of
cleavage at Phe®® and Met'®! is required to prevent reductive
conversion of XO to XD. However, time course studies indicate
that Phe?6° cleavage occurs first and that cleavage at this site
correlates with the inhibition of the XO to XD conversion.?
Support for the importance of the region surrounding Phe®®°
comes from observations that modification of Cys®® of rat liver
XOR converts XD to XO (34) and from crystallographic data
that show that this region is disordered in intact bovine XD and
proteolyzed bovine XO and constitutes a linking segment be-
tween the flavin and molybdopterin domains (22). Our results
do not support earlier conclusions, based on proteolytic diges-
tion of rat XOR, that alterations within the cysteine-rich N-
terminal region by cleavage at Lys'® are responsible for the
XD to XO conversion (6, 17). As indicated above, technical
differences, especially the use of elevated temperatures for
proteolytic digestion experiments, may be the basis for this
discrepancy. In fact, more recent studies of rat liver XOR have
shown that cleavage at Lys'®® does not induce the D to O

2 J. L. McManaman, unpublished observations.
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conversion of rat XOR (84). Together with evidence from recent
investigations of the role of cysteine residues in the XD to XO
conversion (34), the results from our study indicate that the
XD-XO interconversion requires a conformational switch in the
region surrounding Phe®®®, Alterations that affect the struc-
ture of this region, such as proteolysis, decouple this switch and
interfere with the interconversion process.

Although the conversion of XD to XO represents a patholog-
jcally important event due to increased production of cytotoxic
reactive oxygen species by the XO form (37), the biological
importance of the conformational change associated with the
conversion is less established. A potential physiological func-
tion of this conformational change is in milk lipid secretion. It
has been known for nearly a century that XOR is highly en-
riched in cow’s milk (2). Numerous studies have documented
that the primary form of the milk enzyme is XO (11, 13, 38),
and it has been demonstrated that XOR is a major protein
constituent of the membrane that surrounds lipid globules in
milk (39). Immunofluorescence studies have shown that XOR is
selectively associated with the apical plasma membrane in
lactating cattle (40), and histochemical evidence suggests that
the membrane-associated form is XO (41). We recently demon-
strated that the primary form of XOR in mouse mammary
tissue is XD, that rapid conversion of the XD form to the XO
form occurs during milk secretion, and that membranes sur-
rounding milk lipid globules contain an enzyme capable of
converting XD to XO (13). Thus, it is possible that the confor-
mational changes associated with the XD to XO conversion, in
particular the exposure of the hydrophobic region around
Phe®®°, are important in the association of XOR with the apical
membrane in mammary epithelial cells and may play a role in
milk lipid secretion. Electron microscopic studies have shown
that the proteins on the inner surface of milk fat globule mem-
branes are structurally organized into highly ordered hexago-
nal arrays (42). It will be interesting to determine whether
changes in the conformation of XOR contribute to the organi-
zation of these structures.
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Proteomics reveal a link between the endoplasmic
reticulum and lipid secretory mechanisms in
mammary epithelial cells

The synthesis and secretion of lipids by mammary epithelial cells is a highly ordered
process that involves several distinct steps. Triacylglycerols are synthesized in the
endoplasmic reticulum and incorporated into microlipid droplets which coalesce into
cytoplasmic lipid droplets. These are vectorially transported to the apical plasma mem-
brane where they are secreted into the milk surrounded by a membrane bilayer. The
origin of this membrane as well as the mechanism by which cytoplasmic lipid droplets
form and become surrounded by membrane is poorly understood. Proteomic analysis
of the protein composition of milk fat globules and cytoplasmic lipid droplet has reveal-
ed that the endoplasmic reticulum is not only involved in the synthesis of the lipid but
also potentially contributes to the membrane component of milk fat globules. The pro-
teins identified suggest possible mechanisms of multiple steps during this process.
Completion of the proteome of milk fat globule membranes and cytoplasmic lipid drop-
lets will provide the necessary reporter molecules to follow and dissect the mecha-
nisms of the sorting and ultimate secretion of cytoplasmic lipid droplets.

Keywords: Proteomics / Lipid droplet secretion / Milk fat globule membranes / Endoplasmic
reticulum / Mass spectrometry EL 4111

1 Introduction

Mammary epithelial cells utilize two distinct pathways for
the secretion of milk constituents. Soluble proteins, as
well as water, lactose and some minerals, are secreted
using the exocytic pathway involving the endoplasmic
reticulum (ER), Golgi complex, and secretory vesicles [1].
Lipids, primarily triacylglycerols, are thought to accumu-
late into microlipid droplets which are released from the
ER into the cytosol surrounded by a protein and nonbi-
layer polar lipid coat [2]. Molecules of this coat have been
proposed to play a role in the aggregation of lipid into
droplets, the release of the microlipid droplet from the ER,
fusion steps into the cytoplasmic lipid droplets (CLDs),
and subsequent fusion with the apical plasma membrane
[2]. CLDs are secreted from the apical surface of the cell
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enveloped within a membrane bilayer. To date, the mo-
lecular events comprising most of this complex lipid
secretory pathway remain unknown.

Lipid secretion in the mammary epithelial cell is unique.
The most distinct difference between the mammary epi-
thelial cell and other cell types containing fipid droplets
(e.g., hepatocytes, adipocytes) is that mammary CLDs
are secreted from the apical surface of the cell sur-
rounded by a membrane bilayer, the milk fat globule
membrane (MFGM). Ultrastructural analysis has led to
competing hypotheses about the mechanism of secretion
and the origin of the membrane bilayer. The most widely
accepted view is that CLDs are gradually enveloped by
the apical plasma membrane in a budding process [3, 4].
in this hypothesis, the MFGM is derived solely from the
apical plasma membrane. A second scenario is that lipid
secretion results from the progressive fusion of Golgi-de-
rived secretory vesicles that surround the CLDs within the
cytoplasm [5, 6]. This process would lead to a membrane
entirely composed of secretory vesicle components. A
third view is that secretory vesicles associated with CLDs
fuse with each other and the apical membrane [6, 7] to
yield a composite membrane derived from both the vesi-
cles and the apical plasma membrane.

* Present address: Department of Cell Biology, The Scripps
Research Institute, La Jolla, CA, USA
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Another unique feature of lipid secretion in mammary epi-
thelial cells is the vectorial transport of CLDs from the
basal region of the cell to the apical membrane for secre-
tion [3]. Microtubules have previously been analyzed and
quantitated ultrastructurally in lactating mammary epithe-
lial cells. Most were oriented perpendicular to the apical
plasma membrane and concentrated in the apical and
medial portions of the cell cytoplasm [8]. These microtu-
bules were found in close contact with secretory vesicles,
and treatment with colchicine was found to inhibit exocy-
tosis as well as to suppress milk fat globule secretion [9,
10]. Specific molecules involved in the interaction be-
tween the cytoskeleton and secretory vesicles and CLDs
remain unknown, and although CLDs are covered by a
protein coat, the protein composition is largely undefined.

Only eight of the major protein components of the MFGM
have been identified and studied in detail: mucin 1 (MUC-
1), xanthine oxidoreductase (XDH/XO), periodic acid
Schiff Il (PASIHII), CD36, butyrophilin (BTN), adipophilin
(ADPH), periodic acid Schiff 6/7 (PAS6/7), and fatty acid
binding protein (FABP) [11]. Based on biochemical, cyto-
chemical, and developmental studies of the mammary
gland and milk fat globules (MFGs), BTN, XDH/XO, and
ADPH are proposed to mediate binding of CLDs to the
apical plasma membrane [3]. However, there are at least
four distinct steps required for the production and secre-
tion of CLDs. (i) Lipids accumulate and are released as
microlipid droplets from the ER into the cytoplasm where
they coalesce into CLDs. (i} CLDs are vectorially trans-
ported to the apical plasma membrane. (i) CLDs dock
with the apical plasma membrane. (iv) Fusion occurs,
resulting in the secretion of CLDs from the apical surface
surrounded by a membrane bilayer. Therefore, it is rea-
sonable to assume that there must be multiple other pro-
teins involved in the entire process and that some of
these proteins will be present in the MFGM.

Proteomic analysis of cell organelles has been used to
identify endogenous proteins and dissect the molecular
mechanisms underlying their functions [12-14]. In this
study, we present the first installment of the MFGM and
the CLD proteomes. 2-D master maps were prepared
from MFGMs isolated from milk and CLDs fractionated
from mammary gland and liver. Protein spots excised
from these gels were identified using reversed-phase LC
coupled with tandem mass spectrometry (MS/MS) [15].
Our results suggest that: (i) mammary CLDs differ from
liver CLDs in protein composition; (i} mammary CLDs are
intimately associated with membrane-like structures
which contain components originating from the ER. (jii) A
subset of the proteins present in the MFGM are also pres-
ent in the mammary CLDs, suggesting that the membran-
es and adherent proteins associated with the CLDs are
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involved in the secretory process. Taken together, we
propose that the ER may not only contribute the enzymes
for lipid synthesis, but also provide some of the molecules
required for the vectorial transport and subsequent fusion
of the CLD with the apical plasma membrane.

2 Materials and methods

2.1 Isolation of MFGs and MFGMs

Milk was collected from CD1 mice on day 12 of lactation
(L12). MFGs were isolated according to Patton and Hus-
ton [16]. Briefly, freshly collected warm milk was adjusted
to 10% wi/v sucrose. Ten volumes of PBS was layered on
top of the milk solution and centrifuged at 1500 X g for
20 min at room temperature. The floated MFGs were col-
lected with a spatula and resuspended in five volumes of
ice-cold PBS. MFGMs were isolated by physical agitation
[11). Briefly, the MFG sample was chumed in a Dounce
homogenizer until no further clumping of lipid was ob-
served (~ 20 strokes). The suspension was centrifuged at
100 000 X g for 1 h at 4°C. Pelleted MFGMs were col-
lected from the bottom of the tube and either washed 1 X
in ice-cold PBS by repeating the homogenization and
centrifugation step or immediately analyzed.

2.2 Fractionation of CLDs and cytosol

Inguinal mammary glands and livers were removed from
the same L12 mice previously milked. The mammary
glands were washed in ice-cold PBS to remove the milk
present. Both the glands and the livers were minced finely
and lightly homogenized using a Polytron PT 10/35
(Brinkmann, Westbury, NY, USA) in 100 mm KH.PO,/
K2HPO,, pH 6.8, 5 mm MgCl,, and 1 pg/mL each of pro-
teolytic inhibitors chymostatin, leupeptin, antipain, and
pepstatin. All subsequent sucrose solutions were pre-
pared in this buffer. The homogenate was subjected to
low-speed centrifugation (3000 X g for 10 min at 4°C) and
the resulting postnuclear supernatant (PNS) was loaded
in the middle of a sucrose step gradient (1.3 m, 0.86 m,
PNS, 0.25 m) and centrifuged at 100 000 X g for 1 h at
4°C. The cytosol was collected from the PNS step be-
tween the 0.25 M/PNS interface and the PNS/0.86 m inter-
face. The lipid droplets were collected from the top of the
gradient and washed 0-3 times as follows. The CLDs
were gently resuspended in ten volumes of 0.25wm
sucrose in a Dounce homogenizer (~ 5 strokes), floated
with centrifugation at 100 000 X g for 2 h at 4°C, and rec-
ollected from the surface of the solution.

2.3 2-D gel electrophoresis

20-50 ug protein were precipitated using methanol and
chloroform [17] for analysis on silver-stained gels. 1-2 mg
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protein were precipitated for preparative Coomassie Bril-
liant Blue R-250 stained gels used for subsequent identifi-
cation by MS. Precipitated proteins were solubilized in 8 m
urea, 4% CHAPS, 1 m thiourea, 83 mm dithioerythritol,
18 mm Trizma base, 0.4% carrier ampholytes pH 3.5-10
(BDH, Poole, UK), and 0.0025% bromophenol blue. Iso-
electric focusing was performed using Immobiline dry
strips (nonlinear pH range from 3.5-10; Pharmacia,
Uppsala, Sweden). The dry strips were rehydrated with
the solubilized protein sample by in-gel reswelling [18]
and were electrophoresed for 14 h. The second dimen-
sion was run on a 9-16% polyacrylamide SDS gel using a
Bio-Rad Protean Xill cell (Bio-Rad, Hercules, CA, USA).
Silver staining was performed according to SWISS-PROT
2-D PAGE procedures [18]. All gels were scanned using
a flatbed scanner, and the resulting images were ana-
lyzed by the Melanie |l software (Bio-Rad).

2.4 In-gel digestion of 2-D spots

In-gel digests of Coomassie blue-stained 2-D spots were
performed as described [19]. Briefly, spots were excised
with a scalpel and washed in 100 mm NH4HCO 5 for
10 min. Proteins were reduced with 3 mm DTT/100 mm
NH,HCO 5 for 20 min at 60°C. After cooling to room tem-
perature, iodoacetamide was added to 6 mwm final concen-
tration and incubated in the dark for 20 min at room tem-
perature. The aqueous solution was discarded, and the
gel slice was washed in 50% acetonitrile/100 mm
NH,HCO; for 20 min. The gel slice was cut into 1 mm?®
pieces and transferred into new 0.5mL low adhesion
Optimum® tubes (Life Science Products, Denver, CD,
USA). Gel! pieces were dehydrated with the addition of
100% acetonitrile for 15 min. The solvent was removed,
and the gel pieces were dried. Gel pieces were reswelled
with 0.2 ug modified trypsin (Roche Molecular Biochemi-
cals)/ 25 mm NH,HCO3 overnight at 37°C. The superna-
tant was removed and placed into new 0.5 mL Optimum®
tubes. Peptides were extracted from the gel pieces with
100 pL 60% acetonitrile/0.1% TFA for 20 min. The super-
natant was removed and added to the previous extract.
This extraction was repeated twice. The pooled extract
was lyophilized to dryness and reconstituted in 10 ul. 5%
formic acid immediately before analysis by MS.

2.5 Identification of protein peptides by MS/MS

Peptide samples were centrifuged for 10min at
15 000 rpm in a microfuge to remove any particulate mat-
ter. Samples were then loaded onto a 100 um fused-silica
column with a 5um tip. Flow rates were adjusted to
~ 300 nL/min on an HP1100 pump and positioned in front
of the heated capillary opening on a Finnigan LCQ (San
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Jose, CA, USA). Peptides were eluted with an acetonitrile
gradient from 98% buffer A/2% buffer B to 40% buffer A/
60% buffer B where buffer A is 5% acetonitrile/0.5% ace-
tic acid and buffer B is 80% acetonitrile/0.5% acetic acid.
Spectra were analyzed using Sequest software [20-22].
Positive identifications were made with the criteria of
three separate spectra of high correlation scores. Factors
included in the calculation of the correlation score are part
of the Sequest software and are discussed elsewhere
[22].

2.6 Electron microscopy (EM)

For thin sections, 1 mm® tissue pieces were fixed in 2%
glutaraldehyde/2% sucrose/100 mm sodium cacodylate,
pH 7.35, overnight at 4°C. The tissue was postfixed in 2%
OsO, in 0.8% potassium ferrocyanide buffered with
100 mm sodium cacodylate, pH 7.35. The tissue blocks
were washed with water, dehydrated with increasing
EtOH steps (50, 75, 90, 98, 100%), and embedded in
Spurr's resin. Sections were post-stained in 5% uranyl
acetate in MeOH and Reynold's lead citrate. For nega-
tively stained images, CLDs isolated from mammary epi-
thelial cells and liver were deposited onto formvar-coated
copper grids and air-dried. The samples were stained with
2% phosphotungstic acid for 30 s and air-dried again.
Samples were imaged using a Phillips CM10 microscope.

3 Resulits

3.1 Isolation of MFGMs

MFGs were floated from fresh mouse milk collected from
lactation day 12 (L12) mice. The MFGMs were separated
from the lipid droplet by agitation and subsequently iso-
lated by centrifugation. Analytical (silver-stained) 2-D gels
were prepared. Figure 1 shows a comparison between
(A) 50 ug total milk and (B) 25 pg MFGM. Major proteins
present in both the milk and MFGM samples are boxed.
Of the 18 major proteins present in both samples, seven
were de-enriched in the isolated MFGMs and later identi-
fied by tandem MS/MS as major skim milk or serum pro-
teins, ie., transferrin, albumin, o-1-protease inhibitor,
a-casein, B-casein, e-casein, and whey acidic protein
(WAP). As expected, these proteins were less abundant
in the isolated membrane fraction because most of the
skim milk proteins would have been separated from the
MFGs during the initial float and subsequently diluted
away into the supernatant above the membrane pellet
during centrifugation [11]. Sixty-five protein spots were
enriched in the MFGM and are circled. Clearly, there are
a large number of proteins present in the MFGM sample.
We have identified some of these proteins using MS/MS
and the implications of these identifications will be dis-
cussed later in this section.
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Figure 1. Comparison of the protein composition of total mouse milk and MFGMs by 2-D gel electrophoresis. {(A) 50 pg
whole milk; (B) 25 ug MFGMs. Silver-stained protein spots present in both samples are boxed. Protein spots enriched in

the MFGM sample are circled.

3.2 EM of lactating mammary epithelial cells

Thin sections were prepared from Spurr's embedded lac-
tating mouse mammary glands. The micrographs in Figs.
2A and B show lipid droplets in the apical portion of a
mammary epithelial cell. MFGs are present within the
alveolar lumen (open star) in Fig. 2A. In addition, a small
CLD, almost completely surrounded by membrane, is in
the process of being released from the cell surface
(closed star). An important observation is that there
appears to be very little cytoplasmic component between
the lipid droplet and the membrane. The CLD in Fig. 2A
(arrow) is observed to be surrounded by vesicles of vary-
ing sizes and shapes (large arrowheads). Seen more
clearly in a different cell photographed at a slightly higher
magnification in Fig. 2B, the vesicle membrane occasion-
ally deforms the surface of the lipid droplet. This observa-
tion has been reporeted by others and suggests that there
is some physical interaction between the vesicle and the
lipid droplet [5]. Frequently, casein micelles are present in
the lumen of the surrounding vesicles (small arrowheads).
Because casein stains well with osmium, it is visualized
using standard EM methods and provides a convenient
marker for analysis of secretory compartments. The pres-
ence of the casein micelles has supported the hypothesis
that these vesicles are Golgi-derived secretory granules.
Though there have been no bona fide Golgi proteins iden-
tified to date, it has been hypothesized that these vesicles

are involved in the secretion of CLDs and that the apical
plasma membrane is not the sole membrane involved in
the secretory process [5].

3.3 Fractionation of mammary and liver CLDs

To investigate the nature of the association between the
vesicles and the lipid droplets, CLDs were prepared by
cell fractionation from the inguinal mammary glands of
the same L12 mice from which the milk was obtained for
the MFGM analysis. The isolated CLD samples were neg-
atively stained with phosphotungstic acid and visualized
by EM. The micrograph in Fig. 3A shows that the isolated
mammary CLDs (arrows) are intimately associated with a
variety of flattened membrane-like structures (arrow-
heads). This sample was washed three times to reduce
the presence of membranes that may have bound non-
specifically during the fractionation protocol. There was
no apparent change in the amount or appearance of the
membranes associated with the CLDs during or after the
three washes (unwashed CLDs are not shown).

It was possible that membranes could have remained
nonspecifically associated to the CLDs through strong
hydrophobic interactions even after multiple washes.
Therefore, CLDs were isolated from the livers of the same
L12 mice from which the mammary glands and milk were
obtained. Liver CLDs are not known to be secreted and
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B

Figure 2. Electron micrographs of CLDs in the apical region of mouse mammary epithelial cells. (A) 600 X magnification;
(B) 10 000 X magnification. Symbols: large arrowheads (vesicles associated with the CLDs), small arrowheads (vesicles
containing casein micelles), arrow (CLD), open star (secreted MFG), and closed star (CLD in the process of being

secreted).

provide an ideal control. If the membranes were associ-
ated with the mammary CLDs by nonspecific interactions
occurring during the fractionation protocol, then the liver
CLDs would be expected to also have membranes bound
to their surfaces. Figure 3B shows that there were no
detectable membrane structures associated with the
unwashed liver lipid droplets isolated in parallel with the
mammary CLDs.

3.4 Comparison of mammary and liver CLDs
and cytosol

To analyze the protein compositions of the liver and mam-
mary CLDs, analytical (silver-stained) 2-D gels were pre-
pared from both and are shown in Fig. 4B and D, respec-
tively. In addition, 2-D gels were prepared from liver and
mammary cytosols to identify major cytosolic proteins
(Fig. 4A and C, respectively). Major proteins present in
the liver CLDs are boxed (Fig. 4B). These boxed locations
are transposed onto the liver cytosol map (Fig. 4A) for
comparison. Many of the proteins present in the liver
CLDs are either greatly de-enriched or are not at all pres-
ent in the liver cytosol. Proteins corresponding to the
boxed spots in the liver CLDs (Fig. 4B) are also boxed in
the mammary CLDs (Fig. 4D). These boxed locations are
transposed onto the mammary cytosol map (Fig. 4C) for
comparison. Major proteins present in the mammary

CLDs but not present in the liver CLDs are circled
(Fig. 4D) and the circled locations are transposed onto
the mammary cytosol map (Fig.4C) for comparison. As in
the liver, many of the proteins present in the mammary
CLDs are either greatly de-enriched or are not present at
all in the mammary cytosol. The mammary CLDs contain
three times more protein spots (84) than the liver CLDs
(27) indicating that mammary CLDs are significantly more
complex than the liver CLDs. Interestingly, all proteins
present in the liver CLDs are also present in the mam-
mary CLDs (boxed spots). These proteins most likely rep-
resent some of the basic machinery required for the bio-
genesis of CLDs. Two of these spots were later identified
by MS/MS and found to be ADPH and FABP, two previ-
ously characterized MFGM proteins. ADPH has been
shown to associate with lipid droplets in many cell types
[11], and FABP is thought to function in the transport of
fatty acids required for the accretion of lipid droplets in the
cytoplasm [11].

3.5 Comparison of MFGM and CLDs by protein
identification

An important finding was that many of the spots from the
MFGM 2-D map (Figs. 1B, 5A) were identical to the spots
on the mammary CLD 2-D map (Figs. 4D, 5B) while there
were few matches to the liver CLD 2-D map (Figs. 4B,
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Figure 3. Electron micrographs of negatively stained isolated mouse mammary and liver CLD frac-
tions. (A) Mammary CLDs (washed three times; (19 000 X magnification); (B) liver CLDs (unwashed:;
19 000 X magnification). Symbols: arrowheads (membrane-like structures) and arrows (CLDs).

5C). To gain insight into the origin of the membranes sur-
rounding the secreted CLDs, 2-D gel spots were excised
from preparative (Coomassie-stained) 2-D gels, and the
proteins were identified using reversed-phase LC coupled
to MS/MS. Map identification numbers are used to label
the spots on these 2-D maps (Figs. 5A, B and C). Protein
identifications of the labeled spots are presented in
Table 1. All proteins listed in the table were present in the
MFGM fraction, and their presence or absence in the
mammary and liver CLD fractions is indicated. Of the 29
proteins identified, 19 were also found in the mammary
CLDs. Only four were found in the liver CLDs, two of
which were the same two major serum proteins (albumin
and transferrin) also found in the mammary CLDs. These
serum proteins were found in high abundance in the
mammary and liver cytosols, presumably due to the rup-
turing of organelies of the secretory pathway during the
homogenization of the tissue and the nonspecific adsorp-
tion during the fractionation protocol. The other two pro-
teins found in the liver CLLDs were ADPH and FABP, as
previously mentioned. An interesting observation was that
three isoelectric variants and one truncated form of ADPH
were found in MFGMs. However, only the two more basic
variants as well as the truncated form were found in mam-
mary CLDs. These same two were found in liver CLDs,
but the truncated form was not (Fig. 5, # GM_C). Variable
forms of these proteins may be functionally significant.

4 Discussion

4.1 Enrichment of samples analyzed and
interpretation of protein identifications

The issue of contamination must be addressed whenever
subcellular or secreted fractions are analyzed, especially
when using a sensitive technique like 2-D gel electro-
phoresis coupled to MS/MS. The MFGMs were enriched
from the milk expressed by groups of four L12 mice. Multi-
ple mice were used to control for variation among ani-
mals. Because the membranes are isolated from milk,
there is likely to be little contamination from cytoplasmic
lipid droplets or any cellular organelles. The most likely
contaminant would be cytosol. Cytoplasmic “crescents”
(cytoplasmic inclusions between the lipid droplet and the
membrane of the MFG) have been found in varying
amounts in the MFGs, depending on the species of ani-
mal milked [1]. However, mouse MFGs contain very little
cytoplasm, and, in fact, actin is significantly de-enriched
in the MFGM fraction compared to the cytosol (data not
shown). Nevertheless, contaminants are expected both
from milk proteins and cytosol and have been reported by
others to be found in their MFGM preparations [11]. In this
study, minor amounts of skim milk proteins (a-casein, B-
casein, e-casein, and WAP) and serum proteins (albumin,
transferrin, apo A-IV, and apo E/J, fibrinogen y) were
identified in the isolated MFGM fraction.
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Figure 4. Comparison of the protein composition of mouse mammary and liver CLDs with mouse mammary and liver cyto-
sol by 2-D gel electrophoresis. (A) 40 pg liver cytosol; (B) 20 pg liver CLDs; (C) 40 ng mammary cytosol; (D) 20 pg mam-
mary CLDs. Silver-stained protein spots present in gel (B) are boxed. These boxed locations have been transposed onto
gel (A) and gel (C). Silver-stained spots enriched in gel (D) as compared to gel (B) are circled. These circled locations have

been transposed onto gel (C).

Mammary CLDs were prepared from the inguinal mam-
mary glands from groups of four L12 mice. The major
contaminant to be considered here would be the CLDs
from cells other than the mammary epithelial cell, most

notably the adipocyte. However, at this stage in develop-
ment of the mammary gland, most of the cells in the gland
are epithelial cells [23]. By immunofiuorescence and EM,
there are few detectable adipocytes (data not shown). In
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Figure 5. 2-D MFGM master

map indicating the locations of

f- GM_E

the protein spots identified by
MS/MS. Mammary and liver
CLD maps are included for
comparison of identified pro-
teins. Proteins corresponding
to #15 and # GM_A are la-
beled at the top right comer of
the master map. These spots
could not be visualized on
these 2-D gels. However, they
are present in the sample and
were identified by MS/MS in
bands excised from a 1-D lane
C run on the edge of the 2-D gel

the isolation procedure, milk was first washed from the
intact mammary glands. The mammary glands were
lightly homogenized, followed by the floatation of CLDs
on a sucrose step gradient. The isolated CLDs were
washed three times, and the fractions were monitored by
EM for composition. Importantly, skim milk proteins were
not detected in the mammary CLD fraction (Table 1). This
implies that the washing of the gland prior to fractionation
was adequate. As expected, the major contaminants of
this preparation were serum proteins. However, it is clear
that many proteins present in the mammary CLDs were
not present in the cytosol (circled spots in Fig. 4C and D;

during the second dimension.

Table 1). Liver CLDs were prepared using the same
method and, like the mammary CLDs, contained small
amounts of serum proteins (boxed spots in Fig. 4A and B;
Table 1).

Our controls suggest that proteins identified to be present
in both the MFGM and the mammary CLDs are specific
and will be discussed in the following sections. The fact
that they were isolated and identified from cell homoge-
nates and secreted milk argues strongly that the data are
not artifactual. In addition, the liver provides an extremely
convincing control. The cytosolic contaminants in the
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Table 1 Protein identification by MS®
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Map ID# Identification (abbreviation)

MFGM Mam. liver Mol. mass p/

CLD CLD (kDa)
1 TER ATPase + + - 89.3 5.13
2 Fibrinogen y + - - 99.2 5.57
3 Gephyrin + + - 79.8 5.29
4 Pyruvate carboxylase + + - 129.6 6.57
5 ERP99 + + - 91.2 4.91
6 Dynein intermediate chain + + - 68.3 5.16
7 Hsp 70 + + - 70.0 6.37
8 Cholesterol esterase + - - 65.8 6.30
9 Motor protein + + - 79.7 6.71
10 TIF32/RPG1 + + - 40.1 6.10
11 ER carboxylesterase + + - 30.9 6.31
12 Heterotrimeric G protein B + - - 37.3 6.19
13 ERP29 + + - 28.9 6.37
14 Peroxiredoxin IV + + - 28.3 6.50
15 FAS + - - 272.0 5.96
16 Gelsolin + + - 80.8 6.43
MFGM proteins
GM_A  XDH/XO + £ P 1468 8.00
GM_B BTN + + - 65.0 5.11
GM_C ADPH + + + 59.2 6.60,
6.75,
6.95
ADPH (truncated) 40.0 6.53
GM_D  Periodic acid Schiff 6/7 (PAS 6/7) + + - 51.2 6.55-6.80
65.0 4.90-5.50
GM_E FABP + + + 14.8 5.68,
6.00,
6.31
Milk proteins
m_A a-Casein + - - 35.6 4.98
m_B B-Casein + - - 25.3 5.82
m_C e-Casein + - - 16.9 5.26
m_D WAP + - - 14.7 4.70
Serum proteins
s A Albumin + + o+ 68.7 6.20
s_B Transferrin + + + 76.3 6.94
s C Apolipoprotein A-IV (ApoA-IV) + - - 49.2 5.86
s_D Apolipoprotein E/apolipoprotein J + - - 33.2/ 5.82/
(ApoE/ApoJ) 51.5 5.33

a) All protein identifications were by MS/MS unless otherwise indicated.
b) Presence/absence of this protein in the CLD sample was by 1-D immunoblot.

CLD fractions isolated from both tissue types were found
to be the same (albumin and transferrin; Table 1), sug-
gesting that proteins present in only mammary CLDs, but
not liver CLDs, are specific.

4.2 ER membrane, lumenal proteins and
cytosolic proteins may play a role in the
formation of the CLDs

The following proteins were identified in both MFGMs and
mammary CLDs, but not liver CLDs. These proteins are
proposed to play a role in the first step of lipid secretion
(Fig. 6).

ERP99 (#6) is a type | transmembrane glycoprotein
enriched in the rough endoplasmic reticulum [24]. The
ERP99 oligosaccaride is endoglycosidase H-sensitive,
and the glycan was shown by HPLC to be the trimmed
form, MangGlcNAc,. Therefore, it is presumed to cycle
between the ER and the cis-Golgi. ERP99 is anchored in
the membrane on the N-terminal domain, and 75% of the
C-terminal portion of the protein is exposed on the cyto-
plasmic face of the ER [25]. From pulse chase experi-
ments in MOPC-315 plasmacytoma cells, ERP99
remained localized to the ER [26]. Synthesis of the pro-
tein is upregulated 3- to 10-fold when cells are actively
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apical

Figure 6. Schematic of five
proposed steps involved in

secreting [24], suggesting that it may play a role in secre-
tion [27]. ERP99 may be useful as a marker for CLD-
associated membranes.

ERP29 (# 13) is a soluble, lumenal ER protein retained in
the ER by a variant retention motif, KEEL. ERP29 has
homology to protein disulfide isomerase (PDI), but it lacks
the characteristic calcium-binding motif of PDI. The
expression of ERP29 is upregulated in response to in-
creased secretion but not stress-induced by tunicamycin
and calcium ionophores [28]. Therefore, it has been pro-
posed that ERP29 is primarily involved in secretory
events [29].

TER ATPase (# 1) is a cytosolic protein (p97) found in a
complex with its cofactor p47. It interacts with N-ethylma-
leimide sensitive fusion protein (NSF) and soluble NSF
attachment protein (a-SNAP) to mediate fusion in deple-
tion and add-back cell-free membrane fusion assays
using liposomes and microsomes [30]. More recently, p97
was found to regulate the assembly of transitional ER
(tER). Depletion of p97 inhibited tER assembly while
readdition of purified p97 promoted reconstitution [31].
TIF32/RPG1 (#10) is the 100 kDa subunit (Rpg1p) of the
translation initiation factor 3 core complex and is associ-
ated with the cytoskeleton. By immunofluorescence
microscopy, Rpg1p colocalized with microtubules [32]. In
nocodazole-treated samples, the microtubule staining
pattern was abrogated. Also, Rpg1p coimmunoprecipi-
tates with a-tubulin as well as intact mibrotubules [32]
Peroxiredoxin IV (# 14) is a new member of a family of
enzymes that plays a role in protecting free thiol groups
on proteins against oxidative damage [33). Peroxiredoxin
IV (PRxIV) is the secretable form of the enzyme. How-
ever, it is largely localized to the ER based on colocaliza-
tion with calreticulin [33]. PRxIV has a glutathione-
dependent peroxidase activity in addition to its thiore-

lipid droplet secretion in the
mammary epithelial cell. (1)
Assembly of lipid, protein coat,
and vesicles onto the CLDs
(2) Attachment of CLDs on
to microtubules. (3) Vectorial
transport of CLDs to the apical
plasma membrane. (4) Fusion
events at the apical plasma
membrane. (5) Secretion of
MFG into the lumen of the
alveolus.

doxin-dependent activity and is proposed to play a protec-
tive role against oxidative damage by scavenging reactive
oxygen species [33].

ER carboxylesterase (# 11) is a resident protein of the ER
lumen. In yeast, ER carboxylesterase uses the HDEL
retention signal to maintain its localization [34]. It has
been shown to be involved in a process leading to the
synthesis of luminal triacylglycerols [35].

Hsp70 (# 7) is a member of a family of chaperone pro-
teins that bind to nascent polypeptide chains and partially
folded intermediates to prevent their aggregation and mis-
folding [36].

Pyruvate carboxylase (# 4) is a member of the biotin-
dependent carboxylases. It plays a crucial role in gluco-
neogenesis and lipogenesis by catalyzing the formation
of oxaloacetate in response to increased Ca?* levels [37,
38]. Itis localized primarily to the cytoplasm [37].

The following two proteins were only found in MFGMs
and not in either of the CLD fractions. These will not be
discussed further.

Cholesterol esterase (bile salt activated lipase; # 8) is a
secreted enzyme involved in the hydrolysis of triglycer-
ides [39]. This enzyme is present in milk and facilitates fat
and vitamin absorption and triglyceride hydrolysis in the
intestine of the infant [40].

Fatty acid synthase (FAS) (# 15) is a cytosolic protein
found to be in a complex with other proteins and lipids in
the mammary epithelial cell cytoplasm [41]. This complex
was found to contain butyrophilin, xanthine dehydrogen-
ase/oxidase, and a group of small GTP-binding proteins
that included ADP-ribosylation factor {41]. This complex
interacts with the ER and lipid droplets [41]. FAS was
found in MFGMs. FAS is expected to be present in the
mammary CLD sample. However, its staining pattem on
the 2-D gels (a large faint smear) was not consistent
enough to get a positive identification.
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A bossible mechanism for step 1 (Fig. 6) of lipid secretion
is the following. Vesicles enriched with a select group of
ER proteins bud from the ER associated with microlipid
droplets. Homotypic fusion catalyzed by ER ATPase
mediates the fusion of microlipid droplets in the cyto-
plasm. These fusion events result in the formation of a
CLD coated with proteins and large membrane-bound
compartments.

4.3 Cytoskeletal components may play arole in
vectorial movement of CLDs to the apical
plasma membrane

The following proteins were found both in MFGMs and
mammary CLDs, but not liver CLDs. These proteins are
proposed to play a role in the second and third steps in
lipid secretion (Fig. 6).

Dynein intermediate chain (# 6) is the cargo binding com-
ponent of the minus end-directed microtubule motor com-
plex which plays a role in maintaining the integrity, intra-
cellular location, and function of the Golgi complex [42].
The ATPase which functions as the microtubule motor is
localized within the large globular head of the dynein
heavy chain, and several classes of light chains are
thought to participate in a regulatory role {43]. Tradition-
ally, secretory granules have been thought to utilize the
traditional microtubule plus end-targeting motor, the kine-

sin complex, from the Golgi complex to the cell periphery..

However, in the pancreatic acinar cell, targeting of zymo-
gen granules to the apical surface requires an intact
microtubule system with the microtubule minus ends
close to the apical plasma membrane. Purified zymogen
granules were found to be associated with the dynein
intermediate and heavy chain but not with kinesin motor
components [44]. Immunofiuorescence studies showed a
zymogen-like distribution for dynein and dynactin in the
apical cytoplasm, and a calreticulin staining pattern for
kinesin and kinectin in the basal portion of the cell. In
addition, secretory granules of nonpolarized chromaffin
cells, shown to use the traditional microtubule plus end-
targeting motor from the Golgi complex to the cell periph-
ery, were not found to be associated with dynein or
dynactin [44].

Motor protein (# 9) is a novel human motor protein found
in the heart [45]. To date, its function remains unclear.

Gelsolin (# 16) is a Ca®* and polyphosphoinositide 4,5-
bisphosphate (PIP,)-regulated actin filament severing
and capping protein that is implicated in actin remodeling
[46]. In response to increased Ca2* and H* levels, gelso-
lin is stimulated to sever actin filaments, after which it
remains attached to the barbed end of the filament as a
cap. The actin network then remains disassembled
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because the short actin filaments can no longer attach to
one another [47].

Gephyrin (# 3) is a peripheral membrane protein found to
be involved in membrane protein-cytoskeletal interac-
tions. Specifically, it binds with high affinity to polymerized
microtubules and is thought to anchor inhibitory glycine
receptors to the subsynaptic microtubules [48]. Gephyrin
interacts with profilin, an actin binding protein that stimu-
lates actin polymerization.

Dynein intermediate chain, motor protein, gelsolin, and
gephyrin were all found in both MFGMs and mammary
CLDs. The dynein intermediate chain binds membrane
vesicles to the heavy chain motor protein, which binds
microtubules and functions by hydrolyzing ATP. However,
an alternative scenario is that the identified novel motor
protein replaces dynein motor protein and functions to link
the CLD to the cytoskeleton. The dynein motor is tradi-
tionally thought to act as a minus end-directed or “retro-
grade” motor. As in pancreatic acinar cells, microtubules
in the mammary epithelial cell may be oriented with the
minus end at the periphery of the cell and the dynein com-
plex would be required for the delivery of cargo to the api-
cal surface. A possible mechanism for steps 2 and 3
(Fig. 6) of the lipid secretion model is the following. The
dynein intermediate chain, already associated with its
CLD/membrane cargo, bind to one of two possible
motors, which moves along the microtubule towards the
minus end at the apical plasma membrane. Once at the
apical plasma membrane, the actin cytoskeleton is sev-
ered by the associated gelsolin to allow for direct contact
between the CLDs and the plasma membrane, or “dock-
ing”. The gephyrin present may be involved in the initial
tethering step. These interactions would complement the
interaction between XDH/XO and BTN, which has been
proposed to be the “docking” mechanism of CLDs [3].
Alternatively, actin reorganization could occur through the
interaction of gephyrin with profilin. Once the initial con-
tact has been made, TER ATPase could mediate further
fusion events between vesicles and/or the plasma mem-
brane in step 4 (Fig. 6).

4.4 Release or scission of the MFGs into the
lumen of the mammary alveolus

Trimeric G protein B (# 12) is the 37 kDa subunit of a com-
plex composed of three subunits (o, B, v). Trimeric G pro-
teins are classically known to be involved as modulator or
transducer in various transmembrane signaling systems.
However, it has also been shown to modulate the exocy-
tosis of secretory granules in prancreatic beta-cells by
transient phosphorylation of a histidine residue by a GTP-
specific protein kinase [49]. In this study, trimeric G pro-
tein B was only found in the MFGMs and not in either CLD
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fraction. G-proteins could play a regulatory role in step 5
(Fig. 6) involving the release of the CLDs covered with a
membrane composed of proteins originating from ER and
plasma membrane, as well as those of other intracellular
compartments.

4.5 Conclusion

Using a proteomics approach, we have successfully iden-
tified some of the major proteins in MFGMs and mam-
mary CLDs. By performing this type of global analysis, we
utilized a nonbiased method for the discovery of specific
molecules involved in a unique secretory function. This
knowledge provides us with a preliminary set of tools with
which to dissect the complexity involved in the secretion
of lipids in mammary epithelial cells. Our results provide
evidence of the following: (i) mammary CLDs differ from
liver CLDs in protein composition; (i) mammary CLDs are
intimately associated with membrane-like structures
which contain components originating from the ER; (iii) a
subset of the proteins present in MFGMs are also present
in mammary CLDs, suggesting that the membranes and
adherent proteins associated with CLDs are involved in
the secretory process. Functional questions are currently
being addressed on a select subset of the proteins identi-
fied in this study. Future progress on the MFGM and CLD
proteomes will provide the identities of even more mole-
cules involved in the mechanism of lipid secretion, and
the ultimate completion of the proteomes will definitively
address the specific origin of MFGMs.
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DIFFERENCES IN REDOX STATUS MAY DISTINGUISH MALE AND FEMALE FORMS OF HEPATIC AOX*
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Molecular characterization of male and female rat
liver aldehyde oxidase is reported. As described for the
mouse liver, male and female rat liver expressed kinet-
ically distinct forms of aldehyde oxidase. Our data sug-
gest that the two forms arise as a result of differences in
redox state and are most simply explained by expression
of a single gene encoding aldehyde oxidase in rats. In
support of this argument we have sequenced cDNAs
from male and female rat liver. We examined mRNA
expression by Northern blot analysis with RNA from
males and females, from several tissues, and following
androgen induction. Purified rat liver enzyme from
males or females revealed a single 150-kDa species con-
sistent with ¢DNA sequence analysis. Both male and
female forms were reactive to the same carboxyl-termi-
nal directed antisera. K,,,,,,, values obtained in crude
extracts of male or female rat liver and post-benzami-
dine-purified aldehyde oxidase differed substantially
from each other but could be interconverted by chemi-
cal reduction with dithiothreitol or oxidation with 4,4'-
dithiodipyridine. Our data indicate that a single gene is
most likely expressed in male or female rat liver and that
the kinetic differences between male and female rat liver
aldehyde oxidases are sensitive to redox manipulation.

Aldehyde oxidase (AOX)! is a member of the molybdenum
cofactor containing enzymes. Native AOX is routinely prepared
as a homodimer of 300 kDa. Each 150-kDa subunit contains
two iron-sulfur centers, an FAD, and the molybdenum-pterin
cofactor (MoCo) (1-3). AOX (EC 1.2.3.1) catalyzes the oxidation
of a wide range of aldehydic compounds, purines, quinoliniums,
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and numerous pharmacologic agents. While substrate specific-
ity for AOX is very broad, and wide species variation in sub-
strate specificity exists, the general catalytic reaction takes the
form of hydroxyl transfer from water to an aldehyde creating
the cognate acid. For example, conversion of benzaldehyde to
benzoic acid is a very efficient reaction for AOX from most
species. Conversion of N-1-methyl nicotinamide (NMN) to the
2- or -4-pyridone has been used as a standard definition of
AOXs, although it is usually a kinetically less efficient reaction
than benzaldehyde oxidation.

AOX is of interest both for its role in drug metabolism and as
a source of the reactive oxygen species (ROS), hydrogen perox-
ide, and the superoxide anion, that have been related to nu-
merous human pathologies. The human gene encoding AOX
has been linked to a rare form of amyotrophic lateral sclerosis,
although it is unknown if AOX encodes the amyotrophic lateral
sclerosis locus itself (4—6). ROS are generated from AOX in an
oxidative half-reaction following reduction of the enzyme by
substrate. The FeS, FAD, and MoCo cofactors comprise an
internal electron transfer chain in which electrons are passed
from the active site molybdenum center to the FeS centers and
finally to FAD. Partial reduction of oxygen at the the reduced
FAD site produces ROS. Unlike the related enzyme xanthine
dehydrogenase (XDH), AOX does not utilize NAD™* as a cofactor
and therefore AOX does not undergo the classical “D-form” to
“O-form” conversion characteristic of XDH (7).

Two distinct AOX activities have been reported for mouse
liver (8). Hepatic AOX from male and female mice differed in
K, and V., for use of the substrate, benzaldehyde. The male
enzyme exhibited a K, of 40 uM while the female enzyme had
a K, of 115.4 um. The male V_,, was 423.7 nmol/min/mg of
protein and the female enzyme was 203.0 nmol/min/mg of
protein. Furthermore, male and female mouse AOX enzymes
were dramatically regulated by testosterone. Treatment of fe-
male mice with testosterone proprionate (TP) converted both
K,, and V. values to the male pattern (8). Previous work had
shown that castration resulted in the loss of a male pattern
with conversion to a female pattern and TP supplementation
restored the male-specific pattern of AOX expression (9). This
observation was consistent with early reports of androgenic
regulation of mouse hepatic AOX (10, 11). More recently, reg-
ulation of mouse hepatic AOX by testosterone was found to be
mediated by growth hormone (12) where, again, growth hor-
mone supplementation was found to convert K,, and V., of the
female-specific pattern to a male-specific pattern. Nonetheless,
when male and female hepatic AOXs were purified to homoge-
neity they revealed a single band of 150 kDa on SDS-PAGE
analysis and a single active band on native PAGE (8). How the
differences between male and female hepatic AOXs were gen-
erated remained unclear.

This paper is available on line at http://www.jbc.org
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TABLE 1
Oligonucleotides used for amplification of male and female rat AOX1

3'-RATRACE
3'-RATUTR
MAO4RAT1
MAO4RAT2
FORINRAO
REVINRAO
3'-IVS10
3'-IVS11
1vS22

RAT5

RATS6
3'-RREND

5'CCCGGGGAATTCCTGCAGGTCGAC (T30) VN-3'
5'-CCCGGGGAATTCCTGCAGGTCGACGCGTTCTGTAGT TGTTGAGCCAATCC-3"
5'-CTGGAGTACATTAAAGTACCAGAATG-3
5'-GTATTTCACCTTCAAGAATTTGATC-3'

5’ -GTTAGGATCAGAGGCTCCAAGTCTCGG-3'
5'-CCGAGACTTGGAGCCTCTGATCCTAAC-3'
5'~GACTGGGCACAGACTGCTTTTGATG-3’
5'-CATCAAAAGCAGTCTGTGCCCAGTC-3’
5'-CCGAGCTGCTCTTCTACGTGAACG-3'
5'-CATCTCCTTCCTGAAATTCTGCCGATCC-3'
5'-CCCGTGAGTCGGAGGTTCTTCCTCAGG-3'
5'-CCCGGGGAATTCCTGCAGGTCGACTTT-3'

Two distinct AOX activities were also purified from rat liver
and identified as NMN oxidases I and II (13, 14). The two
activities exhibited different K,, values for the oxidation of
NMN to either its 2- or 4-pyridone. These two activities also
differed by pH optima, heat stability, and inhibitor sensitivity.
NMN oxidases I and II were found to possess distinct kinetic
parameters, K, and V,_,, for oxidation of several different
substrates, including benzaldehyde and NMN. Furthermore,
wide variation in K, has been observed between different
species and between individual rat strains (15-17). As was
found for mice, rat hepatic AOX could be purified to homoge-
neity to yield a native enzyme of 300 kDa that resolved into two
150-kDa subunits by SDS-PAGE (13, 14).

AOX genes are widely expressed phylogenetically and in
some organisms appear to arise from multigene families. Even
the Archae express MoCo enzymes related to AOX (18). Two
different AOX ¢DNA sequences were reported for corn plants
that were themselves 83% identical (19). Three ¢cDNA se-
quences were reported for Arabidopsis thaliana (20), and to-
mato plants may also possess several AOX genes (21). Two
AOX genes have been identified in Drosophila melanogaster,
one encoding AOX and the other encoding the highly related
pyridoxal oxidase (PO) which was identified as an AOX (22—
24). Sequences for AOX or PO in Drosophila have not been
reported. Multiplicity in AOX genes was also reported for the
mouse where independently segregating loci appeared to en-
code AOX enzymes with distinct electrophoretic mobilities and
these were identified as AOX1 and AOX2 (9). Importantly, the
different isozymes appeared to segregate as different AOX ge-
netic loci under differential developmental and androgenic reg-
ulation. Human and bovine AOX sequences have been pub-
lished that are approximately 82% identical, and a small
fragment of a mouse AOX sequence was published (5, 25-27).
However, second copies of the vertebrate AOX genes have not
been cloned or sequenced. Therefore, while at least two or three
AOX genes appear to exist in plants and flys, they have not
been confirmed by sequence analysis in higher organisms. Fur-
thermore, Southern blot analysis of chromosomal DNA could be
interpreted to suggest that only a single AOX gene was present
in humans (28).

Molecular characterization of AOX from the rat has not been
reported. Because both forms of AOX appeared to be expressed
in rat liver, we have examined expression of AOX genes from
both male and female rat livers. We have confirmed the exist-
ence of two kinetically different forms of AOX in male and
female rats. Sequence analysis of the corresponding ¢DNAs
indicates that a single AOX gene is most likely activated in the
liver in male and female rats. By Northern blot analysis, male
and female rat liver RNA contained a single nRNA species that
did not exhibit induction by TP. Purified rat liver AOX from
males and females revealed a single 150-kDa band on SDS-
PAGE. Present experiments suggest that a primary difference

between male and female forms of AOX may lie in their respec-
tive redox states.

MATERIALS AND METHODS

RNA Purification and ¢cDNA Synthesis—RNA was prepared from
organs of freshly killed Sprague-Dawley rats by quick freezing the
tissue in liquid nitrogen followed by extraction in guanidine isothionate
and phenol:chloroform:isoamyl alcohol (24:24:1) (29). Frozen tissues
were stored at —70 °C until use. Poly(A)* RNA was prepared by frac-
tionation on oligo(dT)-cellulose (Stratagene, La Jolla, CA). cDNA was
prepared by reverse transcription in a final volume of 20 ul as follows.
1.0 pg of poly(A)* RNA was mixed with diethyl pyrocarbonate-treated
water, 1.0 pl of primer oligonucleotide at 20 umM, 1.0 ul of 10 mn
deoxyribonucleoside triphosphates (ACGT), 0.5 ul of RNase inhibitor,
1.0 pl of recombinant Moloney murine leukemia virus reverse tran-
scriptase (CLONTECH Laboratories, Palo Alto, CA), and 4.0 ulof 5 X
buffer (final conditions: 50 mm Tris-HCI, pH 8.3, 75 mM KCl, 3 mm
MgCl,). Reactions were incubated at 42 °C for 60 min and then heated
to 94 °C for 5 min to inactivate reverse transcriptase. Prior to use,
reactions were diluted to 100 ul and 5 ul was used for PCR amplifica-
tion. Reverse transcriptase reactions were stored at —70 °C.

3" and 5' RACE—A region from the middle of AOX1 was obtained by
PCR amplification of reverse transcribed male rat liver poly(A)* RNA
using synthetic oligonucleotides (Life Technologies, Inc., Gaitherburg,
MD) derived from a fragment of the mouse liver AOX1 sequence (27).
Nucleotides 1,682 through 2,217 were amplified with the oligonucleo-
tides MAO4RAT1 and MAO4RAT?2 (Table 1) to produce a single 535-
base pair fragment that was gel purified, sequenced in its entirety from
two directions, and cloned as pMID. The resulting sequence was used to
derive the unique sequence oligonucleotides for rat AOX1, FORINRAO,
and REVINRAO. 3' RACE was performed as follows. Male rat liver
poly(A)* RNA was reverse transcribed using the oligonucleotide 3’
RATRACE as a primer for reverse transcriptase. The resulting single
strand DNA was amplified by PCR using the oligonucleotides
MAO4RAT1 and 38’ RATRACE. A second round of PCR amplification
was performed using the 5’ nested oligonucleotide, REVINRAO, and 3’
RATRACE. A single product of 2,180 nt was obtained and sequenced
entirely from both directions. This fragment was cloned as p3’ RA-
TRACE and showed 100% identity with the overlap region of pMID. 5
RACE was performed as follows. Male rat liver poly(A)* RNA was
reverse transcribed using random hexamer oligonucleotides. The re-
sulting single strand DNA was amplified by PCR using the oligonucleo-
tides MAO4RAT2 and IVS22. A second round of PCR amplification was
performed using IVS22 and the nested oligonucleotide FORINRAO. A
single band of 1,930 nt was obtained, sequenced in its entirety from
both directions, and cloned as p5’'RATRACE. This sequence revealed
100% identity in the region of overlap with pMID. The extreme 5' end
and upstream region of the male rat AOX1 cDNA was obtained by a
modified 5' RACE as follows. Male rat liver poly(A)* RNA was reverse
transcribed using random hexamer oligonucleotides. RNA was hydro-
lyzed in sodium hydroxide and the resulting single strand DNA was
subjected to two cycles of nested PCR, the first using an adapter ligated
oligonucleotide at the 5’ end. Oligonucleotide 3'IVS11 was phosphoryl-
ated with polynucleotide kinase in the presence of ATP. Following
extraction with phenol:chloroform:isoamyl alcohol and ethano! precip-
itation the phosphorylated oligonucleotide was treated with dideoxya-
denosine triphosphate and terminal transferase from bacteriophage T4
to block elongation from the 3’ end. Blocked, phosphorylated oligonu-
cleotide was then ligated to single strand DNA using bacteriophage T4
RNA ligase in the presence of hexamine cobalt chloride to produce
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[ 1 I I ]
pMID
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P3’RATRACE-Male
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p3’RATRACE-Female
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p5’RATRACE-Male
[ 1
pS’RATRACE-Female
L |
p5’End-Male
i
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Fic. 1. PCR amplification, cloning, and sequence strategy for
male and female rat AOX1. The upper bar shows the deduced cDNA
structure for both male and female rat liver AOX1. PCR amplified and
cloned fragments are shown below. Note that the 3’ RACE product for
the female has been truncated within the untranslated region and does
not comprise the entire untranslated region. Each cloned PCR fragment
was subjected to DNA sequence analysis using a battery of oligonucleo-
tides designed to encompass approximately 400 nucleotides between
oligonucleotide primers. Each fragment was sequenced entirely from
both directions. A list of sequence analysis primers and their sequences
is available upon request. The assembled ¢cDNA sequences for both
male and female rat liver AOX have been deposited in the NCBI gene
bank data base.

adapter-ligated single strand DNA. Adapter-ligated single strand-DNA
was subjected to first round amplification using the oligonucleotides 3’
IVS11 and RAT5. The resulting PCR products were subjected to a
second round of amplification using 3’ IVS11 and the nested primer,
RATS6. The resulting 160-base pair DNA was cloned (p5'END-male),
sequenced, and showed 100% identity with the overlap region of
p5'RATRACE. This sequence was inferred to contain the translation
initiation site and 49 nucleotides of 5'-untranslated region because it
showed excellent deduced amino acid sequence homology with human
and bovine AOX sequences, a single ATG was found to be in-frame with
the downstream sequence, and translational termination sequences
were observed upstream of this ATG and in the same reading frame.
DNA Sequence Analysis—Direct fluorescence sequence analysis was
performed on plasmid DNA or PCR products using oligonucleotide
primers designed to yield approximately 400 nt between primers and
approximately 100 nt of overlap. A list of sequencing oligonucleotides
and their sequences is available upon request. Prior to sequence deter-
mination, plasmids were prepared by alkaline lysis (29). PCR products
were purified from low melting point agarose by phenol extraction and
precipitation in ethanol. Sequences were determined using dideoxy-
nucleotide chain terminating system from Perkin-Elmer Applied Bio-
systems (Foster City, CA). Reactions used the ABI PRISM™ Dye Ter-
minator cycle sequencing ready reaction kits (Perkin-Elmer). Sequence
reactions were fractionated on an ABI PRISM 310 DNA sequencer
equipped with a 43-cm microcapillary (Perkin-Elmer). All sequences

were determined from both directions and sequence data were compiled :

manually.

Northern Blot Analysis and Quantitation—Northern blots were run
using formaldehyde-agarose gels and 5 ug of poly(A)™ RNA (6, 29). Hy-
bridization probes were isolated from the clones pMID, p3’'RATRACE,
and p5'RATRACE by PCR amplification and agarose gel electrophore-
sis. Following isolation in phenol, DNA fragments were labeled by
random primed synthesis in the presence of [*?P]dATP for use as
hybridization probes. High stringency hybridization and washing were
conducted as described (6, 29). Following hybridization and autoradiog-
raphy, each 4,500-nt band was cut from the hybridization filter and
counted by liquid scintillation counting for quantitation. The remaining
filter was dissociated from residual 3?P and rehybridized with a B-actin
specific probe. Actin hybridization was also quantitated by excising the
bands from the filter and liquid scintillation counting. Each AOX1
hybridization signal was normalized to the corresponding signal for
B-actin after correction for background hybridization.

Castration and Hormone Supplementation—Castrated or sham cas-
trated male Sprague-Dawley rats were obtained from Charles Rivers
Laboratory (Wilmington, MA) following 1 week of recovery from sur-
gery. Surgery was performed when rats were 4 weeks of age. Rats were
maintained at Webb-Waring facilities for 1 additional week of equili-
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bration. Testosterone proprionate was administered at a dose of 50
mg/kg body weight in corn oil by daily subcutaneous injection. Growth
hormone was administered at a dose rate of 0.05 IU/100 g of body
weight in a buffer composed of 30 mm NaHCO;, 150 mm NaCl, pH 8.25,
by subcutaneous injection twice daily. Sham castrated and castrated
controls received corn oil injection. Following 10 days of treatment, rats
were killed by sodium pentabarbitol administration. Organs were har-
vested immediately and dropped into liquid nitrogen for subsequent
RNA preparation. RNA was analyzed from individual organs with 4
rats in the sham controls, 4 rats in the castrated control group, 5 rats in
the castrated and testosterone supplemented group, and 5 rats in the
castrated and growth hormone supplemented group.

AOX Activity Assays—AOX activity and initial rate data were deter-
mined spectrophotometrically in a 1-ml reaction containing 50 mM
potassium phosphate buffer, pH 8.0, NMN at 5 mM or as needed, 10%
dimethyl sulfoxide, 250 international units of CAT, 5-50 um menadione
as required, and appropriate levels of purified or partially purified
enzyme. Initial rate data were obtained over a 5-min period. Formation
of the pyridone of NMN was monitored at 300 nm.

AOX Enzyme Purification and Characterization—AOX enzyme activ-
ity was purified from male and female Spraque-Dawley rat livers. After
removal of the liver, all procedures were performed at 4 °C or on ice
using ice-chilled buffers. Liver sections (10-20 g) were diced, rinsed
several times, homogenized, and dounced in 3 volumes of ice-cold 100
mM potassium phosphate, pH 7.5, containing 25 mM benzamidine hy-
drochloride, .2 mM phenylmethylsulfonyl fluoride, .1 mm EDTA. Homo-
genates were centrifuged for 1 h at 100,000 X g. The supernatant was
brought to 5 mm DTT and incubated for 1 h. MnCl, was then added to
the supernatant to a final concentration of 10 mM. The solution was
then centrifuged for 5 min at 17,000 X g and the pellet was discarded.
Dry ammonium sulfate was added with stirring to achieve a final
concentration of 30%. The slurry was centrifuged and the pellet dis-
carded. The resulting supernatant was brought to 50% saturation with
ammonium sulfate, centrifuged, and the supernatant discarded. The
resulting pellet (50% pellet) was resuspended in 1/20 the original vol-
ume of potassium phosphate buffer. Acetone fractionation was subse-
quently achieved using acetone chilled with dry ice. Suspensions were
brought to 40% in chilled acetone, centrifuged, and the pellet discarded.
Supernatants were brought to 50% in acetone, centrifuged, and the
pellets collected. The 50% pellet was resuspended in the original vol-
ume of buffer and dry ammonium sulfate was added to achieve a 60%
saturation. The pellet was recovered by centrifugation and resuspended
in 1/20 of the original volume in 100 mM glycine, pH 9, containing 100
mM NaCl. After resuspension, insoluble debris was removed by centrif-
ugation and the solution was desalted on a 5 X 15-cm Sephadex G-25
column in the above glycine buffer. The desalted solution was loaded
onto a 2.5 X 10-cm benzamidine-Sepharose 6B (Pharmacia) column
equilibrated in the same buffer. The column was washed with 3 column
volumes of buffer and elution was achieved by flushing the column with
500 mM benzamidine hydrochloride. Elution was monitored at 436 nM
and the single eluting peak was collected and precipitated with ammo-
nium sulfate at 60% saturation. The pellet was stored at 4 °C for up to
1 day or was resuspended in a minimum volume of 100 mM potassium
phosphate, pH 7.5, and dialyzed against the same buffer overnight.

The OD 280/450 ratio was between 5 and 7 for male or female
preparations. Specific activity for NMN hydroxylation to the pyridone
was 100-250 nmol/min/mg for the female or male enzymes. Both en-
zyme preparations were inhibited to greater than 95% by inclusion of 50
uM menadione. We observed persistent aggregation of the soluble pro-
tein fraction when preparations did not include treatment with DTT
early in the fractionation. Aggregation reduced the overall yield of AOX
enzyme to less than 0.1% of the starting activity. Reduction of the crude
lysate prior to MnCl, treatment improved the overall yield to 7% of the
starting activity. SDS-PAGE analysis of the aggregated proteins sug-
gested no obvious bias for specific aggregated proteins. Furthermore,
reduction in 5 mM DTT was significantly more effective in preventing
aggregation than was 10 mM cysteine. Reduction of male or female liver
extracts permitted purification of both enzymes to homogeneity.

Preparation of Antibody to AOX—The amino-terminal decapeptide
comprising the sequence NH,-DRASELLFYV-COOH and the carboxyl-
terminal decapeptide comprising the sequence NH,-GSYVPWNIPV-
COOH were synthesized by Dr. Hans-Richard Rackwitz (German Can-
cer Research Center, Heidelberg, Germany). Antibody to the synthetic
oligo peptides was produced in rabbits by intravenous injection of 20 ug
of peptide. Rabbits were boosted with peptide every 2 weeks. The IgG
fraction was prepared from serum by ammonium sulfate precipitation
following coagulation of the blood and sedimentation. This produced
two antisera preparations: AOX-NT (amino-terminal antibody) and
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FiG. 2—continued

AOX-CT (carboxyl-terminal antibody).

Western Immunoblot Analysis—Protein was electrophoresed on SDS-

PAGE and transferred to polyvinylidine difluoride membranes (Bio-

Human' 601 . . . . 11
Rat_ma, 600 Rad). Filters were sliced for staining with Commassie Brilliant Blue or
Rat_fe, 600 DliP,mDRELFLTF\’TSSRAHAI\IVSIDLoEAL LPGVVDIITADHLQD, processed for immunoblot analysis. For reaction with antisera, filter
L LV S WD D1P T DRELE L TEVTSSRAHAKIY S IDVSRALSLPGVVD I LTGEH LYoy Stnpq were blocked with gelatin overnight prior to reaction with pre-
immune sera, AOX-NT, or AOX-CT antisera. Antigen-antibody com-
plexes were detected by reaction with alkaline phosphatase streptavi-
din kit (Bio-Rad).
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Clustal analysis. Identical amino acids are boxed in black and biochem-
ically conserved differences are shown in gray. Regions thought to
mediate cofactor binding are indicated by the overline. Five sites within
the large MoCo-binding domain have been identified and are shown
individually. The 5 amino acid differences between male and female rat

Fic. 2. Alignment of deduced amino acid sequences. Amino acid  liver AOXs have been indicated with an asterisk. The programs Clust-
sequences for the four vertebrate AOXs have been aligned by multiple alW, Boxshade, and Paint were used to create the figure.
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male and female rat livers. Apparent K,,, (K, y(appy) Values were
determined from Lineweaver-Burk plots by measuring conver-
sion of NMN to its pyridone. K, ,pp,) for male rat liver AOX was
538.8 um and K,,(,,,,y for the female was 1062.3 M, consistent
with previous reports showing two forms of AOX in livers from
rats and different forms of AOX in livers from male and female
mice. While no explanation for this difference has been pro-
duced, the two AOX genes identified in mice, AOX1 and AOX2,
suggested the possibility that two different AOX genes may be
expressed in rat liver.

cDNA Sequence Analysis of Male and Female Rat Liver
AOXI1—Fig. 1 illustrates the PCR amplification strategy used
to obtain segments of male rat liver AOX1. DNA sequence of
the three PCR products was assembled to produce the male
rAOX1 ¢DNA. RAOX1 comprised 4,304 nucleotides, including
30 nt of polyadenylation, 210 nt of 3'-untranslated region, and
49 nt of 5'-untranslated region. A single open reading frame
was identified that encoded a protein of 1,333 amino acids and
a deduced mass of 147,009 Da. The deduced male rAOX1 pro-
tein exhibited 82% sequence identity with human AOX1 and
81% sequence identity with bovine AOX1. Multiple sequence
clustal analysis revealed conservation of co-factor domains cor-
responding to FeS I, FeS II, FAD, and five small domains
within the MoCo binding segment (Fig. 2).

TaBLE II
Sequence differences in male and female rat AOX1
clones described here

The differences in cDNA sequence between the male and female rat
AOQOX1 clones are shown. nt-site refers to the specific base changed from
male to female using the A of the translational initiator as nucleotide
+1. The nature of the base pair changed is shown along with the
change, if any, in the deduced amino acid sequence and the correspond-
ing amino acid number. Note, these changes reflect differences between
our clones and do not necessarily reflect consistent differences between
genders.
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Female rat liver AOX1 cDNA sequence was obtained using a
similar strategy with the exception that a unique sequence
oligonucleotide derived from the male sequence, 3" RATUTR,
was used to obtain the 3’ RACE product. Thus, 47 nucleotides
of 3'-untranslated region was obtained for the female and this
does not include the polyadenylation site (Fig. 1). The assem-
bled cDNA sequence for female rat liver AOX1 encoded a de-
duced protein of 1,333 amino acids and 146,919 Da. The female
cDNA sequence was 99.8% identical to the male sequence and
the deduced protein sequence was 99.6% identical to the male
sequence. Of the 10 nucleotide differences detected between the
male and female rat liver AOX1 ¢cDNA sequences described
here, five resulted in changes to the deduced amino acid se-
quences (Table II). However, while nucleotides 405 and 408
differ between male and female sequences reported here and to
the GenBank data base, these variations were also found be-
tween individual male clones and therefore do not represent
gender differences but differences between individual rats. The
full extent of individual variation was not determined and it
remains possible that all of the differences observed between
the two clones described may be attributed this cause alone.

Expression of Rat AOX1 mRNA—Fig. 3A shows Northern
blot analysis of poly(A)* RNA from male rat liver. Hybridiza-
tion probes were derived from each of the three male clones,
pMID, p5'RATRACE, and p3'RATRACE. The region between
nucleotides 1,682 and 2,217 of the male ¢cDNA, corresponding
to the pMID hybridization probe, produced hybridization sig-
nals at approximately 4,500 and 2,500 nt. Hybridization probes
derived from both the p5'RATRACE and p3'RATRACE clones
produced predominantly a single band at 4,500 nt with weak
hybridization to the band at 2,500 nt. We conclude that the
predominant mRNA for rAOX1 detected by Northern blot anal-
ysis in males is approximately 4,500 nt, consistent with the
¢DNA sequence assembled for rAOX1. The unexpected signal
at 2,500 nt may represent a cross-reactive species largely lo-

No. nt-Site Base pair change Amino acid change Amino acid site calized to the pMID region.
1 133 G:C—A:T P_P Hybridization probes derived from the p5’'RATRACE pro-
2 405 C:G-G:C A-G 119 duced predominantly a single band from both male and female
3 408 G:C-T:A R-M 120 RNA (Fig. 3B). This RNA was also estimated to be 4,500 nu-
4 1679 T:A-C:G L-L cleotides in size, and no difference in size or number of hybrid-
5 1,994 AT-G:C T-A 649 . .
6 2.563 G:C—AT L-L izing bands was detected between males and females.
7 2,872 T:A-C:G S-S Northern blot analysis of poly(A)* RNA from several differ-
8 3,739 G:C-AT Qe-Q ent tissues showed expression of a single 4,500-nt RNA for all
lg g’ggg gg‘_‘gé k: g }’gzg tissues examined (Fig. 3C). Different tissues did not show
’ i ’ variation in either the size or multiplicity of AOX RNAs. Var-
A g B B C
é s
g8 3 .3 s§rfs
v 2 & g E SEa @
AOX
28SrRNA * AOX AOX
18SrRNA *
Beta Actin Beta Actin

FiG. 3. Northern blot analysis of rat AOX1 expression. A, each of the three clones used to assemble male rat liver AOX1 was used as a
hybridization probe for independent Northern blots of male rat liver poly(A)* RNA. The major band at 4,500 nt corresponds to the AOX1 mRNA.
The band at 2,500 nt that has greater localization to the pMID region of AOX is assumed to represent a cross-reactive species. Although it has not
been excluded that this may represent a breakdown product of the larger RNA, it is too small to encode a full-length AOX. B, poly(A)" RNA from
male and female rat liver has been analyzed by Northern blot using the p5’RATRACE clone as a hybridization probe. No attempt is made here to
indicate a difference in abundance of the AOX mRNA between males and females. C, poly(A)* RNA from several different male rat tissues has been
analyzed by Northern blot using the AOX1 insert from p5’'RATRACE as a hybridization probe.
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Fic. 4. Testosterone does not regulate steady state levels of rat
hepatic AOX. Poly(A)* RNA from individual male rat livers has been
analyzed by Northern blot. Individuals from the following four groups
have been used: castrated, sham castrated, castrated and testosterone
supplemented, castrated and growth hormone supplemented. B-Actin
was used as a control to reveal uniform loading of RNA. Blots were first
probed with the AOX probe, the corresponding region cut from the filter
for counting, and the remaining filter was dissociated of all 2P and
rehybridized with the B-actin probe.

iation in the B-actin control precludes drawing firm conclusions
at this point concerning relative levels of expression between
tissues.

RNA from male rats that had been sham castrated, cas-
trated, castrated and treated with TP, or castrated and treated
with growth hormone was analyzed by Northern blot. Fig. 4
shows that steady state RNA levels were only slightly affected
by any of these treatments. When hybridization signals were
quantitated and normalized to either OD 280 or to B-actin
hybridization signal (Table III), we found no statistically sig-
nificant difference between groups in AOX1 mRNA abundance.
These data do not support significant regulation of rat AOX1
mRNA abundance by TP.

AOX Enzyme Purification and Characterization—AOX en-
zyme activity was purified to homogeneity from male rat livers
(Fig. 5A). These preparations produced a single band of 150
kDa by SDS-PAGE analysis. We were unable to sequence this
protein by direct Edman degradation suggesting that its amino
terminus was blocked, as was found for both the rabbit liver
and bovine liver AOXs (5, 26). Western immunoblot analysis of
partially purified AOX from male and female rat livers re-
vealed excellent reactivity of each enzyme preparation to this
synthetic peptide-derived antibody (Fig. 5B). Furthermore, re-
active proteins from male and female revealed a predominant
polypeptide of approximately 150 kDa with no evident differ-
ence in size between genders. (Fig. 5C).

K, (appy Values for oxidation of NMN to its pyridone were
determined by analysis of Lineweaver-Burk plots. Fig. 6 and
Table IV show these results. As noted above, crude liver ex-
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TasLE III Y
Quantitation of RNA hybridization

Hybridizing bands from the Northern blot shown in Fig. 4 were cut
from the filters and counted by liquid scintillation counting. Counts
from randomly selected regions were averaged and subtracted from
each signal to account for background radioactivity. Counts for each
AOX signal were then normalized to the B-actin signal derived from the
same lane, and the normalized, background subtracted counts were
multiplied by 100. The number of animals in each group is shown by the
n. The mean and standard error of the mean (SE) were calculated for
each group. No statistical significance could be established between
group means.

Group n Mean S.E.
Sham castrated 4 69.0 10.3
Castrated control 4 86.6 11.4
Castrated testosterone 5 82.9 18.3
Castrated growth hormone 5 64.9 135

tracts from males produced K, of 538.8 and 1062.3 um for
females. Reduction of the crude liver extract with 5 mm DTT
shifted K., for males and females. Reduced male rat liver
produced K,y of 359.9 uM and for the reduced female en-
zyme K, ..,y was 354.5 um (Fig. 6B). Thus, male and female
forms of AOX can be converted to a form with indistinguishable
K, (appy values by chemical reduction in a crude lysate. Oxida-
tion of the reduced female preparation with 4,4'-DTDP con-
verted K, (., back to a form similar to that obtained from the
untreated female preparations (Fig. 6B). Furthermore, AOX
purified from female rat liver through the post-benzamidine
stage could be reduced with DTT to yield an enzyme with
K iappy Of 261 um. Reoxidation of the reduced enzyme with
4,4'-DTDP converted the K., to 1673 um (Fig. 6C). Thus,
the capacity to modulate K, of rat liver AOX was main-
tained through purification of the enzyme and may therefore
reflect an intrinsic property of the enzyme.

DISCUSSION

In the present work have assembled full-length sequences for
AOX cDNAs from male and female rat liver. We examined
expression of AOX by Northern blot analysis from males and
females, from several tissues, and have examined the effect of
androgen regulation. We purified AOX from rat livers of males
and females and obtained a single 150-kDa band by SDS-PAGE
analysis consistent with the deduced amino acid sequences
from males or females of 1,333 amino acids and 147 kDa.
Antisera raised against synthetic decapeptides reacted with
AOX from males or females. Furthermore, K, (appy Values for
crude extracts of male or female rat liver and post-benzamidine
purified AOX differed substantially but could be interconverted
by chemical reduction with DTT or oxidation with 4,4’-DTDP.

The deduced amino acid sequences for male and female rat
liver AOX are 81 and 82% identical to human and bovine AOXs
and are themselves 99.6% identical. They show excellent con-
servation in the domains attributed to iron, FAD, and MoCo
binding. By this criterion, the rat AOXs clearly belong to the
molybdenum iron-sulfur flavoproteins that include AOX, XDH,
and XO. Furthermore, the rat AOXs conform to the domain
models proposed for XDHs (7, 30, 31). Amino acids critical for
catalysis of this class of enzymes are conserved in the rat AOX
sequences as they are in most other AOXs and XDHs. In
particular, Glu-869 of the Mop enzyme is critical for catalysis
and is conserved in nearly all XDHs and AOXs (see Ref. 21 for
alignment of several sequences), including the two rat se-
quences reported here where it is found at amino acid 1265 in
MoCo domain 5 (Fig. 2).

We observed that the male and female cDNA sequences were
not identical. While several arguments could be advanced to
explain the differences, we suggest that the least tenable ar-
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Fic. 5. Analysis of rat liver AOX1 protein. A, male rat liver AOX was purified to homogeneity from initially reduced extracts as described
under “Materials and Methods.” Purified AOX was analyzed by SDS-PAGE and stained with Ponceau S prior to subjecting the enzyme to
amino-terminal sequence analysis. B, antibody was raised against synthetic decapeptides from the amino (AOX-NT) and carboxy (AOX-CT)
termini. AOX was partially purified to retain numerous unrelated proteins, analyzed by SDS-PAGE (Crude AOX), and reacted to each antibody
as described under “Materials and Methods.” Preimmune, AOX-NT, and AOX-CT antisera were used at a 1:500 dilution. C, male and female rat
liver AOX was purified to homogeneity from initially reduced preparations. Enzymes were analyzed by SDS-PAGE and subjected to Western
immunoblot analysis using the AOX-CT antisera. Both male and female preparations migrated with apparent size of 150 kDa and both

preparations reacted to the AOX-CT antisera.

gument is for the expression of two different AOX genes in the
livers of male and female rats. Nucleotide differences between
males and females could arise during PCR amplification, clon-
ing, or sequence analysis since this is also PCR based. The
small number of differences observed between male and female
sequences could also arise from allelic differences between
males and females or simply from individual differences be-
tween rats. Sequence analysis of only one additional male
¢DNA uncovered two of the changes (nt 405 and 408) found
between the male and female clones. The minimal number of
differences found between males and females coupled with the
individual variation already observed suggests that the differ-
ences are unlikely to represent expression of alternative genes.
Furthermore, sequence polymorphism is a well described phe-
nomenon in Drosophila XDH (32-34).

Multiplicity of AOX genes has been established for some
organisms (19-24), and in plants these data are supported by
multiple cDNA sequences of approximately 80% identity (19,
20). Thus, the observation that mice appear to express two
AOX genes in the liver was not surprising (9). However, genetic
data derived in the mouse have not been supported yet by
corresponding molecular data and few efforts have been made
to establish AOX gene copy number in vertebrates. Southern
blot analysis of chromosomal DNA failed to reveal second AOX
genes in several vertebrates under conditions in which at least
80% identity would have produced hybridization (28).

Northern blot analysis of AOX mRNA from male or female
rats, and from several different tissues, demonstrated expres-
sion of a single 4,500 nt RNA. We did not observe variation in
size or multiplicity of AOX mRNAs in the liver from males or
females where kinetically distinct forms of AOX were identi-
fied. Furthermore, castration and/or testosterone supplemen-
tation resulted in no significant alteration in AOX mRNA
abundance and we infer that testosterone does not appear to
exert significant regulation of AOX mRNA abundance or form
in the rat liver. We did observe surprisingly strong hybridiza-
tion to an RNA of 2,500 nt that could be localized to the region
from +1,682 to +2,217. While the identity of this RNA is
unknown, it is too small to encode an AOX of 150 kDa. Thus,
RNA analysis supports expression of a single AOX gene in the
liver where post-translational events may be important for

determining the differences between male and female kinetic
variants.

Interestingly, AOX-3 from A. thaliana encoded a protein of
only 568 amino acids truncated at the amino terminus (20). It
must differ from a true AOX because it cannot encode a protein
capable of binding the full set of co-factors. AOX-3 from A.
thaliana showed striking homology to AOX-1 and AOX-2 in the
MoCo-binding region, confirming that it is indeed a member of
the MH family. Confirmation that vertebrates encode such a
protein would be of great interest since it may represent the
RNA detected at 2,500 nt.

Since our observations suggested that rats express a single
AOX gene in the liver, we examined the possibility that redox
status might underlie the differences in male and female vari-
ants. We found that partially purified crude extracts of male
and female rat liver did indeed reveal different K, ,,,, variants
of AOX. Reduction of crude extracts from males or females with
DTT resulted in conversion to a single form. Subsequent reoxi-
dation of the reduced AOX with 4,4’-DTDP resulted in conver-
sion to a more female like K, (,;;- Reduction or oxidation of
post-benzamidine purified AOX also resulted in interconver-
sion between the two extremes of K,,(,,,,,) suggesting that the
variants differed by their intrinsic oxidation state. Since DTT
directly reduces protein disulfides to thiols while 4,4'-DTDP
forms disulfides from thiols (35-38), we infer that manipula-
tion of thiol oxidation state can interconvert kinetic variants of
AOX.

Redox effects on XDH are well known. Conversion between
the NAD™ dependent, D-form, and the oxygen dependent, O-
form, is a redox-dependent process reversible by chemical re-
duction (7, 39, 40). Furthermore, redox effects on XDH have
dramatic effects on the kinetic parameters of the enzyme (41).
AOX does not have an NAD"-dependent form of the enzyme,
and therefore conversion between D-form and O-form is irrel-
evant. While cysteine residues critical for D-form to O-form
conversion in XDH were not conserved in AOX (42), most of the
41 cysteine residues found in rat liver AOX are conserved with
vertebrate XDHs. These cysteine residues would be expected to
take part in the same biochemical reactivities as those found in
XDH. Since we observed that redox effects on K, ,(,,, were
preserved from crude extracts through post-benzamidine-puri-
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FiG. 6. Chemical reduction or oxidation abolishes differences
in K, ..., between male and female rat liver AOX. AOX activity
was purified from unreduced male and female rat livers through
(NH,),S0, fractionation and either treated with 5 ma DTT or not to
produce the crude native or crude reduced preparations. A separate
preparation was reduced initially and purified through benzamidine
fractionation to produce the post-benzamidine preparation. A, Lin-
eweaver-Burk plots were determined for male (squares) and female
(diamonds) preparations using NMN as the oxidizing substrate. B,
Lineweaver-Burk plots were determined for initially reduced male and
female crude extracts. In addition, the reduced female extract was then
treated with 1 mwm 4,4'-DTDP to reoxidize it (open squares) and sub-
jected to Lineweaver-Burk analysis. C, female rat liver AOX was puri-
fied through benzamidine fractionation from an initially reduced ex-
tract. Enzyme was treated with 5 mm DTT or 1 mnm 4,4'-DTDP to reduce
or oxidize the enzyme. Lineweaver-Burk analysis was then conducted
on the reduced (diamonds) or oxidized (squares) preparations.

fied enzyme and that these effects alone were sufficient to
explain the differences between male and female variants, we
infer that the different K, .., variants result not from expres-
sion of alternative genes but from redox effects that may act
either on AOX itself or on a closely associated protein capable
of modulating K,,,,,,, for AOX.
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TaBLE IV ¢
Effect of reduction and oxidation on K, .cupp for crude and purified rat

liver AOX

Lineweaver-Burk plots shown in Fig. 6 were fitted by least squares
analysis. K., were determined for each curve and the goodness of fit
r? values were determined for each.

Kmfapp\ r2
Crude native Male 371 0.65
Female 1385 0.94
Crude reduced Male-red 360 0.98
Female-red 354 0.94
Female-reox 1895 0.96
Post-benzamidine Reduced 261 0.83
Oxidized 1673 0.97

Our observations can be explained by the activity of the
hepatic microsomal monooxygenase. The cystamylating flavin
monooxygenase catalyzes oxidation of cysteamine, a thiol, to
cystamine, a disulfide, and this reaction provides a significant
source of disulfide responsible for maintaining the intracellular
thiol:disulfide potential (43, 44). The thiol:disulfide potential is
thought to reflect two ratios: the GSH:GSSG ratio and the
cysteamine:cystamine ratio. Protein oxidation state depends on
overall thiol:disulfide potential. Higher levels of monooxygen-
ase lead to a more oxidizing environment, while reduced mo-
nooxygenase levels result in a more reducing environment.
Significantly, monooxygenase from mice or rats is regulated by
testosterone in precisely the fashion that kinetic variants of
AOX are regulated (43). Male rat hepatic monooxygenase levels
are lower than female levels. Castration of male rats elevates
monooxygenase and leads to elevated cystamine and a more
oxidizing cytosol. Testosterone reverses this effect and restores
the reducing environment. Furthermore, testosterone treat-
ment of females lowers monooxygenase and elevates cysteam-
ine levels. These observations may explain both the effect of
testosterone and the ability to purify kinetically distinct forms
of AOX from male and female rats since neither thioltrans-
ferase nor glutathione reductase, the two other enzymes estab-
lishing thiol:disulfide potential, are regulated by testosterone
(43). We posit that AOX is sensitive to the thiol:disulfide po-
tential and that kinetic variants of AOX reflect the intracellu-
lar thiol:disulfide potential through thiol modification of AOX.
Activity of the monooxygenase could thereby regulate AOX
K, iapm by “setting” the thiol:disulfide potential leading to a
more oxidized form of AOX in the female or a more reduced
form of AOX in the male. This may have direct consequences
for ROS generation from AOX since the kinetically less efficient
enzyme may bias ROS generation for superoxide anion. This
argument does not require expression of a second AOX gene
and can account for the failure of testosterone to regulate AOX
gene expression in rats despite finding kinetically distinct
forms in males and females. AOX thiol modification could also
explain both novel electrophoretic variants (9) and the widely
variant kinetic characteristics of AOX from different organs
and different species (16, 45-47).
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Promoter by Tandem Cooperative Sp1/Sp3 Binding Sites:
Identification of Complex Architecture in the hAOX Upstream
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Sites, and a Silencer Element
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ABSTRACT

Aldehyde oxidase (AOX) is a member of the molybdenum iron-sulfur flavoproteins and is of interest for its
role in clinical drug metabolism and as a source of reactive oxygen species (ROS) potentially involved in hu-
man pathology. The ROS derived from AOX contribute significantly to alcohol-induced hepatotoxicity. There-
fore, expression of AOX could determine both the susceptibility of certain cells and tissues to clinically im-
portant pharmacologic agents and the levels of ROS produced under certain pathophysiological conditions.
Although some pharmacologic agents regulate AOX enzyme activity, very little is known about the activation
or regulation of the human AOX gene (2AOX). In the present study, we sought to identify features in the up-
stream DNA of hAOX that could confer regulation of the gene, to locate and characterize the basal promoter
apparatus activating hAOX, and to identify transcription factors that could mediate activation or regulation.
We transfected promoter fusion constructs into epithelial cells from the lung and the mammary gland that
express AOX in cell culture. The hAOX gene was found to possess a structurally complex region in the up-
stream DNA that contained sequences for a proximal promoter, enhancer sites, and silencer elements. In ad-
dition, we identified an essential role for the transcription factors Sp1 and Sp3 in the proximal promoter. Un-
expectedly, hPAOX was activated in lung and mammary epithelial cells by indistinguishable mechanisms. These
observations reveal a potentially complex mode of hAOX gene expression in epithelial cells that is dependent
on Sp1 and Sp3 transcription factors.

tions metabolically to catalyze the oxidation of several alde-
hydes to their cognate acids via hydroxyl transfer from water.

INTRODUCTION

ALDEHYDE OXIDASE (AOX) is a member of the xanthine ox-
idase family of molybdenum cofactor-containing enzymes
that includes AOX, several aldehyde oxidoreductases (AOR),
xanthine oxidase (XO), and xanthine dehydrogenase (XDH).
Vertebrate AOX can be prepared in its native state as a ho-
modimer of 300 kDa, and the 150-kDa monomeric subunits
contain two iron—sulfur centers, an FAD, and the molybde-
num-pterin cofactor (MoCo) (Hille and Massey, 1985; Wooton
et al., 1991; Kisker et al., 1997). The AOX (EC 1.2.3.1) func-

While acetaldehyde is an important physiologic substrate for
AOX, purines (Krenitsky et al., 1972), quinoliniums (Taylor et
al., 1984), phthalazines (Beedham et al., 1995), and numerous
pharmacologic agents that include tamoxifen (Ruenitz and Bai,
1995), famciclovir (Clarke et al., 1995; Rashidi et al., 1997),
zonisamide (Sugihara et al., 1996), methotrexate (Fabre et al.,
1986), and nicotine (Nakayama et al., 1987) are also important
substrates. For example, AOX catalyzes an essential step in the
activation of the breast cancer drug, tamoxifen (Ruenitz and
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Bai, 1995). The enzyme may also serve an important role in
development by the synthesis of retinoic acid from retinal
(Huang et al., 1999).

Aldehyde oxidase is of further interest as a source of the re-
active oxygen species (ROS), hydrogen peroxide (H,0,) and
superoxide anion (O, ), that mediate numerous human
pathologies and may serve as intracellular signals during ox-
idative or reductive stress. The ROS derived from AOX are di-
rectly implicated in free radical damage to the liver and brain
during ethano! metabolism (Shaw and Jayatilleke, 1990,
1992a,b; Shaw er al., 1995; Bondy and Orozco, 1994). Ethanol-
dependent ROS generation by AOX could proceed by metab-
olism of acetaldehyde or NADH, both of which are produced
from ethanol by the action of alcohol dehydrogenase (ADH).
Because acetaldehyde is a substance for AOX, ROS generation
by AOX during acetaldehyde metabolism could be a significant
source of ROS in certain tissues. The intrinsic NADH oxidase
activity of AOX also generates ROS (Mira ef al., 1995; Wright
et al., 1995a). Recently, the ROS injury sustained during alco-
hol toxicity of the liver was shown to operate directly through
the combined activities of AOX and XDH (Shaw and Jay-
atilleke, 1990, 1992a,b; Mira et al., 1995) via an iron-depen-
dent process that suggests a role for hydroxyl radical (OH) in
tissue damage (Shaw and Jayatilieke, 1992a; Shaw et al., 1995).

The AOX genes and cDNAs from several vertebrates have
been cloned and analyzed. Hepatic AOX appears to be encoded
by a predominantly expressed gene in rats and humans (Wright
et al., 1997, 1999; Terao et al., 1998). Sequence variants for
hepatic AOX have been described (Wright et al., 1997), but
these have not been fully characterized. The human AOX gene
(RAOX) encoding the predominant mRNA in the liver was
mapped to chromosome 2q32.3-2a33.1 by fluorescence in situ
hybridization (Berger et al., 1995; Wright et al., 1995b), while
rat AOX was mapped genetically to chromosome 9 (Kunieda et
al., 1999). Mouse AOX was mapped to chromosome 1 in a re-
gion highly syntenic to human chromosome 2a32-2a33 and rat
chromosome 9 (Holmes, 1979). Mammalian AOXs are encoded
by mRNAs of 4700 to 5100 nt, depending on species (Huang
et al., 1999; Wright et al., 1995b, 1999; Calzi ef al., 1995), al-
though additional homologous RNAs have been observed in
poly(A*) RNA from several rat and human tissues (Wright et
al., 1995b, 1999).

The hAOX gene lacks an evident TATA sequence in the up-
stream DNA (Wright et al., 1997; Terao et al., 1998), and the
transcription initiation site found in human liver (Wright ef al.,
1995b) occurs at a consensus transcriptional initiator (Inr) for
mammalian RNA polymerase II, consistent with other TATA-
less genes (Javahery er al., 1994). In human liver, the tran-
scription initiation site lies 298 bp upstream of the ATG en-
coding translation initiation (Wright et al., 1995b), whereas
initiation of transcription in cultured HepG?2 cells appear to arise
from several sites much closer to the translation initiator (Terao
et al., 1998).

In contrast to the extensive literature surrounding expression
and regulation of XDH, very little is known about the expres-
sion and regulation of AOX genes. The gene is regulated by tis-
sue type in humans (Wright et al., 1995b), cattle (Calzi et al.,
1995), rabbits (Huang et al., 1999), and rats (Wright et al.,
1999), with the liver and the lung being the predominant sites
of expression. Kidney, pancreas, ovary, prostate, and testes also
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express AOX. The gene is selectively expressed in human spinal
cord microglial cells (Berger et al., 1995) and in some neurons
of the mouse brain (Bendotti ef al., 1997). Expression has not
been detected in heart or skeletal muscle (Huang er al., 1999;
Wright et al., 1995b; Calzi et al., 1995). Antigen for AOX was
reported to exist in several rodent organs, where it appeared to
be localized to the epithelial cells in most of the tissues exam-
ined (Moriwaki et al., 1996). Initial analyses of the hAOX gene
revealed that promoter information exists in the upstream 1500
bp of DNA and that this region can bind transcription factors
determining cell- or tissue-specific expression (Wright et al.,
1997; Terao et al., 1998).

Because expression of AOX could determine both the sus-
ceptibility of certain cells and tissues to clinically important
pharmacologic agents and the amounts of ROS produced in spe-
cific tissues under certain pathophysiological conditions, it is
important to understand the mechanism by which AOX genes
are expressed and regulated. As an initial step in this analysis,
we undertook the present study to identify those features in the
upstream DNA of hAOX that could confer regulation, to locate
and characterize the basal promoter apparatus activating hAOX,
and to identify transcription factors that could mediate expres-
sion or regulation.

MATERIALS AND METHODS

Materials and reagents

Media for cell culture were obtained in powdered form from
GIBCO/BRL (Bethesda, MD). Antibodies to Sp family mem-
bers were obtained from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Oligonucleotides were synthesized by GIBCO/BRL
or Integrated DNA Technology (Coralville, IA). Luciferase fu-
sion plasmids and the B-galactosidase expression plasmid were
obtained from Promega (Madison, WI). The Topo-1I T:A
cloning vector was obtained from Invitrogen (Carlsbad, CA).
O-Nitrophenyl beta-p galactopyranoside, poly dI:dC, and re-
striction endonucleases were obtained from Roche Molecular
Biochemicals (Indianapolis, IN). Most buffers, reagents, and
electrophoresis supplies were obtained from Sigma (St. Louis,
MO).

Cell culture and transfection

Preliminary experiments were conducted to identify cells ex-
pressing AOX in culture. Because AOX appears to be expressed
largely by epithelial cells in vivo, we examined numerous cul-
tured epithelial cells from many different organs using an RT-
PCR expression assay. The MLE-15 lung epithelial cells
(Wikenheiser et al., 1993) and HC-11 mammary gland epithe-
lial cells (Hynes et al., 1990) were found to express AOX. The
former were grown in modified HITES medium containing
RPMI 1640, 3 mM v-glutamine, sodium bicarbonate (2 g/l, pH
7.4; 1X Sigma ITS liquid media supplement (insulin, transfer-
rin, sodium selenite), bovine transferrin 2.5 mg/l, 5 nM hydro-
cortisone, 5 nM beta-estradiol, 5 mM HEPES, pH 7.4; 1X
GIBCO/BRL antibiotic-antimycotic (penicillin G 100 units/ml,
streptomycin sulfate 100 ug/ml, amphotericin B 250 ng/ml),
and fetal bovine serum to 2%. The HC-11 cells were grown in
RPMI 1640 containing 2 mM L-glutamine, sodium bicarbonate
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2 g/l, pH 7.4; 1X antibiotic/antimycotic, insulin 5 pg/ml, epi-
dermal growth factor 10 ng/ml, and 10% fetal bovine serum.
Cells were maintained at 37°C in 95% air/5% CO, and were
refed every 2 days and split 1:6 when at or near confluency.

Cells to be transfected were grown to 50% to 70% conflu-
ency in six-well plates. Transfections were conducted using the
liposome vehicle Transfectam (Promega) essentially as de-
scribed by the supplier. Test plasmid (5.0 ug) and 1.0 ug of
pCMV B-galactosidase plasmid were mixed with Transfectam
in 1.0 ml of RPMI 1640/sodium bicarbonate medium (starva-
tion medium). After vortexing, the transfecting solution was ap-
plied to cells in two wells of a six-well plate for 2 h. Then, ei-
ther complete medium or starvation medium was applied
without removal of the transfecting solution. Cells were har-
vested for analysis after 48 h of incubation. Wells were har-
vested in pairs and analyzed for luciferase activity (Promega
CCLR kit) using a BMG Lab Technologies (Durham, NC) Lu-
mistar luminometer. B-Galactosidase activity was assayed by
reduction of o-nitrophenyl 3-D-galactopyranoside and followed
spectrophotometrically at 420 nm. The protein content was de-
termined spectrophotometrically using the Lowry assay. Each
individual transfection was assayed in quadruplicate for each
of these measures. For most analyses reported here, each indi-
vidual transfection was repeated four or five times; thus, each
value reported represents 16 or 20 biochemical assays for each
parameter. Luciferase values represent arbitrary light units/unit
of B-galactosidase/mg of protein per minute. Means and stan-
dard deviations were calculated for each group of 16 or 20 as-
says, and in most cases, standard deviations were no greater
than 10% of the mean value. Comparisons between groups used
the Student’s z-test.

Construction of AOX promoter/luciferase fusions
and upstream deletions

Twelve in frame fusions with the luciferase coding region
were constructed exactly as indicated previously (Wright et al.,
1997) for both the pGL3-basic (pGL3-B) and pGL3-enhancer
(pGL3-E) parent plasmids (Promega). Briefly, upstream DNA
to be cloned in the pGL3 plasmids was amplified by PCR us-
ing the PAC 8300 artificial chromosome as a template. The 3’
mutagenic oligonucleotide (AOXCON: 5'-GCAGCTGCC-
CACGCCCGGTCCATGgGGTGTCCGCGCTGG-3") was de-
signed to convert the AOX initiating ATG into an Ncol re-
striction endonuclease cleavage site by changing a single A at
—1 to a C (at the base indicated in lowercase). The 5’ PCR
oligonucleotide was derived from the upstream DNA sequence
(GenBank Accession No. AF010260) and could be cloned at a
blunt cloning site in each vector (Smal). We reported 1500 bp
of the AOX upstream DNA sequence in 1997 but have extended
this to more than 2600 bp, as described in the GenBank data
base. Figure 1 shows the series of upstream deletion constructs.
The A residue of the luciferase initiating ATG is denoted by
+1, and all upstream nucleotides are numbered from this site
with a negative number. For each reporter plasmid, PCR prod-
ucts were cleaved with Ncol and purified by agarose gel elec-
trophoresis. Bands of the appropriate size were extracted in phe-
nol, precipitated in ethanol, and reconstituted in TE buffer. Host
plasmids, pGL3-E or pGL3-B, were cleaved with the restric-
tion endonucleases Ncol and Smal, after which they were like-

461

wise purified by agarose gel electrophoresis. Recombinants
were constructed by overnight ligation at 12°C in a 20-ul vol-
ume and were transformed into SURE cells (Stratagene, La
Jolla, CA). Ampicillin-resistant colonies were screened for the
appropriate recombinant using colony PCR amplification. Plas-
mid DNA was prepared from positive colonies by the alkaline
lysis method. Recombinant plasmids were confirmed to con-
tain a single copy of the appropriate upstream fragment by a
combination of DNA sequence analysis and restriction en-
donuclease cleavage analysis with Ncol and Kpnl. The latter
was selected as the second diagnostic enzyme because the Kpnl
site lies within the multicloning site of each parent plasmid up-
stream of Smal. The presence of a single Kpn! site in the AOX
upstream DNA at —1533 bp provided an additional diagnostic
cleavage site for longer constructs. Preliminary experiments re-
vealed weak expression of the hAOX promoter in the B series
of constructs; therefore, the E series of constructs were used to
determine the primary characteristics of the ZAOX upstream
DNA.

DNA sequence analysis

Fluorescence sequence analysis was performed using the
dideoxynucleotide chain termination system from Perkin-Elmer
Applied Biosystems (Foster City, CA). Reactions used the ABI
PRISM™ Dye Terminator cycle sequencing ready reaction kits
(Perkin-Elmer). Sequence reactions were fractionated on an
ABI PRISM 310 DNA sequencer equipped with a 47-cm mi-
crocapillary (Perkin-Elmer). All sequences were determined
from both directions, and sequence data were compiled manu-
ally. The oligonucleotides used as sequencing primers are avail-
able on request.

RNA initiation site

Total RNA was prepared from cultured cells grown to
80%/90% confluency using the Trizol reagent (Life Technolo-
gies). The MLE-15 and HC-11 cells were shown to express
AOX in cell culture by RT-PCR as follows. All RNA samples
were treated with DNase I prior to cDNA synthesis. cDNA was
prepared by reverse transcription (RT) in a final volume of 20
ul as follows. Total RNA (1.0 wg) was mixed with DEPC-
treated water, 1.0 ul of primer oligonucleotide at 20 uM, 1.0
wl of 10 mM deoxyribonucleoside triphosphates (ACGT), 0.5
w1 of RNAse inhibitor, 1.0 ul of recombinant Moloney murine
leukemia virus reverse transcriptase (Clontech Laboratories,
Palo Alto, CA), and 4.0 ul of 5X buffer (final conditions: 50
mM Tris HCI, pH 8.3; 75 mM KCl, 3 mM MgCl,). Reaction
mixtures were incubated at 42°C for 60 min and were then
heated to 94°C for 5 min to inactivate reverse transcriptase.

~ Prior to use, reactions were diluted to 100 ul, and 5 1l was

used for PCR amplification. The RT reaction mixtures were
stored at —70°C. Semiquantitative PCRs were determined to
be in the linear range of AOX and B-actin product formation
for input RNA, input single-strand RT DNA, and the number
of amplification cycles. The 5" RACE was then used to deter-
mine the RNA initiation site employed by the AOX-luciferase
fusion genes in culture cells. The HC-11 and MLE-15 cells were
transfected with pAO-E4, and RNA was harvested 48 h later.
The 5’ RACE was performed on total RNA as described pre-
viously (Wright et al., 1999) using ALSS-DNA and a primer
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FIG. 1. The hAOX promoter-luciferase fusions. Upstream DNA from the hAOX gene cloned in PAC 8300 was fused at the
initiator methionine of the pGL3-enhancer (pGL3-E) plasmid using the mutagenic oligonucleotide AOXCON to convert the ATG
into an Neol cleavage site. All fusions, therefore, precisely fuse DNA upstream of the AOX ATG with the luciferase ATG. Num-
bering of upstream DNA begins with the first base 5 of the AOX ATG as —1, and the 5’ base of each fusion is listed at the left
of each construct. Plasmid pGL3-E is the promoterless parent vector and contains an SV40 enhancer located 3’ of the luciferase
gene. Fusions containing sequences that extend up to 2 kb into intron 1 produced diminished activation and have been excluded

from the present study.

extension oligonucleotide derived from the luciferase protein-
coding region.

Preparation of probes for electrophoretic mobility
shift assays

The —1/-167-bp probe corresponding to the 40X proxi-
mal promoter (Fig. 2) was prepared from pAO-El by restric-
tion endonuclease cleavage with Ncol and Kpnl. The appro-
priate fragment was purified by agarose gel electrophoresis.
DNA fragment (500 ng) was end-labeled with bacteriophage
T4 DNA polymerase for 5 min at 37°C in a 50-u] reaction mix-
ture containing 50 uCi [a-3?P]-dATP; 2 U of T4 DNA poly-
merase; 500 uM dCTP, dTTP, dGTP; 50 mM Tris, pH 8.0; 5
mM MgCl,, and 5 mM dithiothreitol (DTT). Probe was ex-
tracted in (24:24:1) phenol:chloroform:ispamy! alcohol, pre-
cipitated in ethanol, and resuspended in TE at 0.5 ng/ul. Dou-
ble-strand oligonucleotide probes (60 ng) were labeled with 50
pCi of [y-*?P]-ATP by polynucleotide kinase according to the
manufacturer’s specifications (Roche). Probes were extracted,
precipitated, and stored until use at 0.5 ng/u! in TE as described
above.

Preparation of nuclei and nuclear proteins

Nuclei were prepared from hypotonically swollen cells by
douncing and differential centrifugation following standard
methods (Dignam et al., 1983). Proteins were leached from iso-
lated washed nuclei by incubation in 320 mM potassium buffer
as described (Dignam et al., 1983). Nuclear preparations were
routinely examined microscopically and were estimated to con-
tain >95% nuclei with no more than 5% cellular contamina-
tion. Following sedimentation at 10,000 X g to remove ex-
tracted nuclei, protein solutions were stored at —70°C in
high-salt buffer containing 20 mM HEPES, pH 7.9; 1.5 mM
MgCl,, 320 mM KCl, 0.2 mM EDTA, 0.2 mM phenylmethyl-
sulfonylfluoride, 0.5 mM DTT, and 25% glycerol.

Electrophoretic mobility shift analysis

The 50-u1 EMSA binding reactions without competitors con-
tained 17.8 ug of nuclear protein, 5 ug of poly dI:dC, 0.5 ng
of labeled probe, and final reaction buffer composed of 25 mM
Tris, pH 7.9; 50 mM KCl, 6.25 mM MgCl,, 0.5 mM DTT, 0.5
mM EDTA, and 10% glycerol. Double-stranded oligonu-
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-167
5’- GGATCTTAATTCAAGGCTTTCTCCGTTCGGGGTGGATGGGTTGGTACTTTAGGC

TTF-1 NF1

TCCAGCAAGCCCCGCCCCACTCGGCGGGTCGGTGCCGCCGGGTCCCAGGTGCCCG
Spl
CTACTTCCCAGAACCTCCGCCTCCCGCTCCGGGCCCTCGAACCAGCGCGGACACCA
STAT

+1
CC ATG GAC CGG GCG TCC GAG CTG CTC TTC TAC GTG AAC GGC CGC AAGgtgageg
FIG. 2. Sequence features of the #AOX proximal promoter. Upstream sequence and sequence of the coding region to intron 1

is shown by uppercase letters. Lowercase letters show the first bases of intron 1 (Wright et al., 1997). Computer-predicted tran-
scription factor binding sites have been identified using the program TRANSFAC, and the core binding domains are underlined.

Only those sites showing >95% probability for transcription factor prediction have been indicated.

cleotide competitors were included at 20-, 50-, or 100-fold mo-
lar excess as indicated in the figures. Supershift experiments
with antisera to Spl, Sp2, or Sp3 were conducted at a 19.6:1
dilution of antiserum. Preimmune sera were not employed in
the present studies because the complete absence of response
to the anti-Sp2 antiserum provided an effective nonspecific con-
trol. Binding reactions were assembled in the following order:
H,0, buffer, nuclear protein solution, poly dI:dC, competitor
oligonucleotide, and labeled probe. Antisera to Sp1, Sp2, or Sp3
were added either 5 min before probe addition or at the end of
the binding reaction, 5 min prior to electrophoresis. Binding re-
actions were conducted at room temperature for 30 min. Fol-
lowing addition of Ficoll dye, 10 ul of binding reaction mix-
ture was electrophoresed on 4% native polyacrylamide gels at
125 V for approximately 4 h. The gels were subsequently dried
and exposed to Kodak XAR autoradiographic film.

Competitor oligonucleotides were derived from the hAOX
proximal promoter (Fig. 2) and correspond to the TTF-1, STAT,
and Splwt binding sites (Fig. 3). Substitution oligonucleotides
were derived from the hRAOX Splwt binding region. Substitu-
tions of the wildtype sequence were made three at a time, span
the entire 30 bp of the wildtype sequence and correspond to
Spla through Spl1j (Fig. 3). The altered triad in each oligonu-
cleotide is underlined. The Spl substitution oligonucleotides
were used both as competitor oligonucleotides and as individ-
ual probes. The B-region substitution oligonucleotides Splk
and Spil were derived from the Splwt2 oligonucleotide (Fig.
3) that is shifted 6 bp 3’ relative to Splwt. '

Construction recombinant plasmids containing
Sp1/Sp3 mutations

Substitution mutations were introduced into the Sp1/Sp3 A
and B domains of pAO-E1 and pAO-E4 by cassette mutagen-
esis. Because of constraints in cloning into the pAO-E series of
plasmids, the six core nucleotides of each domain were replaced
by an Ndel cleavage site that changed the core Sp1 nucleotides
from CGCCCC to CATATG (A domain) and GGTGCC to
CATATG (B domain). Parent plasmids pAO-E1 and pAO-E4
were amplified by PCR in two separate reactions using Ndel

mutagenic primers paired with flanking primers derived from
the pGL3-E host vector. DNA fragments of the appropriate size
were isolated by gel electrophoresis and cloned in the Topo-II
T:A cloning vector (Invitrogen). The resulting clones were
cleaved with Ndel and either Kpnl (upstream fragment) or
Apal (downstream fragment). The Ndel/Apal and Ndel/Kpnl
fragments were ligated, subcloned into Topo-II, and sequenced
to confirm the anticipated structure. Subsequently, Kpnl/Apal
fragments corresponding to domain A or domain B Ndel sub-
stitutions were isolated by gel electrophoresis. The parent plas-
mids, pAO-E1 and pAO-E4, were cleaved with Kpnl and Apal
and gel purified to isolate hosts lacking the region from the
Kpn1 site to the Apal site. The Kpnl/Apal fragments contain-

STAT GCCCGCTACTTCCCAGAACCTCCGCCTCCC
TTF1 GGATCTTAATTCAAGGCTTTCTCCG

Spiwt  TCCAGCAAGCCCCGCCCCACTCGGCGGGTC
Spla CAAAGCAAGCCCCGCCCCACTCGGCGGGTC
Splb TCCCATAAGCCCCGCCCCACTCGGCGGGTC
Splc TCCAGCCCTCCCCGCCCCACTCGGCGGGTC
Spld TCCAGCAAGATACGCCCCACTCGGCGGGTC
Spie TCCAGCAAGCCCITTCCCACTCGGCGGGTC
Splf TCCAGCAAGCCCCGCAAAACTCGGCGGGTC
Splg TCCAGCAAGCCCCGCCCCCIGCGGCGGGTC
Splh TCCAGCAAGCCCCGCCCCACTITICGGGTC
Spli TCCAGCAAGCCCCGCCCCACTCGGITTIGTC
Splj TCCAGCAAGCCCCGCCCCACTCGGCGGAAA
Splwt2  AAGCCCCGCCCCACTCGGCGGGTCGGTGCC
Splk AAGCCCCGCCCCACTCGGCGGGTCAAAGCC
Spll AAGCCCCGCCCCACTCGGCGGGTCGGTAAA

FIG. 3. Oligonucleotides used in the analysis of the hAOX
proximal promoter. Only the upper strand of each oligonu-
cleotide is shown. The STAT, TTF-1, and Spl sequences were
derived from the hAOX proximal promoter; Spla through Splj
contain 3-bp substitutions of the wildtype Splwt region in
hAOX, and these are underlined. The Splwt2 oligonucleotide
is translocated by 6 nt (3’) relative to Splwt. Both Splk and
Spll contain substitutions of Splwt2 indicated by the under-
line.
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ing the Ndel substitution were then cloned into each deleted
parent, creating the substitution mutations M1 (corresponding
to the A domain) and M2 (corresponding to the B domain).
Thus, four substitution plasmids were generated (pAOE1-M1,
PAOE1-M2, pAOE4-M1, and pAOE4-M2), each carrying the
substitution CATATG in place of the core Sp1/Sp3 hexanu-
cleotide. The proper structure of each substitution mutation was
confirmed by sequence analysis.

Construction of silencer recombinant plasmids

The strong silencer domain lying from —1978 to —2230 was
subcloned in the forward direction into four promoter plasmids
as follows. The PAC 8300 artificial chromosome containing the
77,000-bp hAOX and upstream DNA (Wright et al., 1997) was
amplified using the primers PRO18K (5'-ACACAGGTACC-
CCTCCTGCCCTGGCCCGTTTTCTCTCC-3') and PROIIN
(5'-AACACAGCTAGCCCATCTAGGTGGAATA-
GAGTTTGAG-3') that carry, respectively, a Kpnl or an Nhel
restriction endonuclease cleavage site (boldface). A PCR band
of approximately 275 bp was obtained and was cleaved se-
quentially with Kpn1 and Nhel; the product was isolated by
agarose gel electrophoresis. Recipient plasmids consisted of
pGL3-promoter, pGL3-control, pAO-B1, and pAO-El. Fol-
lowing sequential cleavage with Kpnl and Nhel, the plasmids
were purified by agarose gel electrophoresis. Recombinants
were ligated overnight and transformed into SURE cells. Pos-
itive colonies were identified by PCR colony screen to ensure
that only clones with a single insert in the forward orientation
were obtained. Correct cloning was confirmed by a combina-
tion of DNA sequence analysis and restriction endonuclease
cleavage analysis with Kpn1, Nhel, and Ncol.

RESULTS

Complex architecture of the hAOX upstream DNA

We found that several cultured epithelial cells would express
AOX, including MLE-15 lung epithelial cells and HC-11 mam-
mary gland epithelial cells. Therefore, expression of luciferase
from the plasmids pAO-B4, pAO-E4 (with the 5’ terminus at
=930), pAO-B12, and pAO-EI2 (with the 5' terminus at
—2607) was tested in MLE-15 and HC-11 cells. The MLE-15
cells have been stably transfected with SV40 large T antigen
and should greatly stimulate E-series plasmids, whereas HC-11
cells do not express T antigen. The pGL3-B series of en-
hancerless plasmids exhibited very low expression in both cell
types (data not shown), while the presence of an SV40 3’ en-
hancer in the pGL3-E series of plasmids markedly stimulated
expression in both cell types. Furthermore, the additional DNA
present in pAO-B12 and pAO-E12, rather than stimulating ex-
pression relative to pAO-B4 and pAO-E4, resulted in dimin-
ished activity in both cell types. Further experiments were con-
ducted in the E series of plasmids because we could not detect
expression from pAO-B12 in either cell type.

The E series luciferase fusion plasmids pAO-El through
pAO-E12 and the promoterless parent pGL3-E were transfected
into MLE-15 and HC-11 cells. The increased luciferase activ-
ity observed in MLE-15 cells compared with HC-11 cells was
preserved throughout the entire 2607 bp of upstream DNA (Fig.
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4A). When luciferase data were normalized to the promoterless
parent, pGL3-E, the pattern of activation was essentially iden-
tical in the two cell types (Fig. 4B). Several functional domains
were identified in the hAOX upstream region. First, negative-
acting sequences were found from —1288 to —1505 and from
1978 to —2230, with the latter being much more suppressive
than the former. Importantly, the addition of sequences 5’ of
—2230 restored expression to a fusion plasmid terminating at
—2230, as can be seen for clones pAO-El1 and pAO-E12 that
terminate, respectively, at —2441 and —2607 (Fig. 4). Second,
a strongly positive-acting site was found from —609 to —930
that may represent an upstream enhancer. Third, little change
in basal activation in either cell type was found between —167
and —609. Regardless of cell type, the region from —1 to — 167
induced 15- to 20-fold activation over the promoterless parent
(pGL3-E) that was not statistically different for pAO-El, pAO-
E2, or pAO-E3. Therefore, the —1/—167 region must contain
sufficient information to comprise a proximal promoter. Dele-
tions were not constructed 3’ of —167 in order to preserve a
potential TTF-1 binding site (see Fig. 2) that was expected to
be functional in MLE-15 lung cells but not in HC-11 mammary
gland cells.

Identification of an hAOX proximal promoter

We had identified a single predominant site for transcription
initiation in normal human liver (Wright et al., 1995b) that lies
298 bp upstream of the AOX ATG at a consensus Inr (Javah-
ery et al., 1994). However, in cultured HepG?2 liver cells, RNA
appeared to initiate from two dominant sites at —49 and —56
(Terao et al., 1998). Because the —1/—167 region supported
efficient expression of luciferase in HC-11 and MLE-15 cells,
we anticipated that the proximal sites would also be functional
in these cells. We performed 5 RACE on total RNA from HC-
11 and MLE-15 cells transfected with pAO-E4 (5' terminus at
—930) using an oligonucleotide derived from the luciferase cod-
ing region to prime RT. Thus, only RNA derived from the fu-
sion plasmid would be copied. A single major band was ob-
tained and was sequenced to locate the 5’ nucleotide. This
sequence was 5’-CCCTCGAACCAGCGCGGACACCAC-
CATGG-3’, placing the initiation site used by the fusion plas-
mids exactly 25 nt upstream of the ATG for translation initia-
tion in both cell lines.

The same transcription factors were determined to bind in the
hAOX proximal promoter in lung and mammary gland epithelial
cells. Nuclear protein complexes from MLE-15 and HC-11 cells
that formed with the hAOX proximal promoter were indistin-
guishable when examined by EMSA. Nuclear proteins from each
cell produced three complexes with identical mobility in the two
cell types (complexes CI, CII, and CIII; Fig. 5). Complexes CI,
CII, and CIII were all efficiently blocked by a 100-fold and 50-
fold molar excess of either the unlabeled —1/—167 probe itself
or the Spl region oligonucleotide. Neither the TTF-1 nor the
STAT factor oligonucleotide was an effective cold competitor.
Cold competition with the Sp1 domain oligonucleotide generated
equivalent and simultaneous competition for all three complexes
regardless of cell type (Fig. 5A, B).

Antisera against Sp1, Sp2, and Sp3 were employed in EMSA
supershift experiments (Fig. 5C, D). Antisera against Spl ap-
peared to exert two effects on complexes from both cell types:
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FIG. 4. Complex architecture of the upstream region of hAOX. Each of the 12 E-series luciferase fusion plasmids and the par-
ent plasmid, pGL3-E were transfected into MLE-15 and HC-11 cells along with pCMV-g-galactosidase. After 48 h, luciferase ac-
tivity was determined and normalized to B-galactosidase and protein concentration (A). Each transfection was analyzed four times,
and five repetitions of the entire transfecting series were performed; thus, each point represents 20 individual assays. Error bars
show the standard deviation of the entire 20 assays. (B) Data for each transfecting plasmid were then normalized to pGL3-E to
determine the degree of stimulation beyond the promoterless parent. Luciferase activity for pAO-E10 (5’ terminus at —2230) was
consistently at or below activity of pGL3-E. Site of 5’ terminus identifies the 5’ nucleotide of the deletion (see Fig. 1).
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FIG. 5. Identification of Sp1 and Sp3 binding in the hKAOX proximal promoter in lung and mammary gland epithelial cells. The
EMSA was performed using the —1/—167 proximal promoter DNA as end-labeled probe. (A, C) MLE-15 cells. (B, D) HC-11
cells. Unlabeled competitor oligonucleotides in all panels were present in 100- or 50-fold molar excess. “Self” indicates the
—1/-167 proximal promoter DNA. The TTF-1, Spl, and STAT double-stranded oligonucleotide competitors (A, B) were de-
rived from the hRAOX proximal promoter sequence. (C) Part of the STAT 50-fold competition sample was lost prior to elec-
trophoresis. Repetition of this experiment revealed no competition by the STAT oligonucleotide. Supershift EMSAs (C, D) were
conducted by adding antisera either 5 min before addition of probe (first set of three) or 5 min after a 30-min incubation with
probe (second set of three). The complexes formed in unblocked and unshifted nuclear proteins have been designated CI, CII,

and CIIL

CII was completely lost, and CI was reduced to approximately
50% of the original band intensity. Antisera against Sp2 exerted
no detectable effect on any of these complexes and were here-
after used as a control for nonspecific effects of the antisera.
Antisera against Sp3 completely abrogated formation of CI and
CII regardless of cell type. The minimal interpretation of these
data is that CIII contains Sp3 and not Spl, CII contains Spl
and not Sp3, and CI contains Sp3 and perhaps Spl. Although
the binding of additional proteins is not precluded by these ob-
servations, Sp! and Sp3 binding are required for complex for-
mation, as just described.

While all nuclear protein binding in the proximal promoter
was efficiently and completely blocked by the Sp! domain
oligonucleotide alone, both Sp! and Sp3 were required to form
the three complexes detected in the hAOX proximal promoter.
Furthermore, inspection of the Sp1 domain oligonucleotide se-
quence indicated the presence of two Spl-related sequences,
suggesting that Sp! or Sp3 could bind to more than one site.
As was observed for the 167-bp proximal promoter, three

A B

Competitor:

None

Fold Excess:

Antisera:

complexes were formed by using the Sp! domain oligonu-
cleotide as a probe in EMSA analysis, complexes CIV, CV,
and CVI, in both MLE-15 and HC-11 cells (Fig. 6). The CV
appeared to possess approximately twice the band intensity of
CVL. However, by running the PAGE for a longer time, CIV
could be clearly separated from CV. All three complexes were
completely and efficiently blocked by a 100-fold- or 50-fold
excess of cold Spl domain oligonucleotide. Antisera to Spl
eliminated the formation of CIV and may have diminished CV
by 50%. Antisera to Sp2 had no detectable effect on complex
formation. Antisera to Sp3 precluded formation of both CV
and CVI without affecting CIV. These data indicate that CIV
contains Sp!l and not Sp3, CV contains Sp3 and may contain
Sp1, while CVI contains Sp3 and not Spl. As noted previ-
ously, the binding of additional proteins is not precluded by
these data. In addition, neither the STAT nor the TTF-1 do-
main oligonucleotide produced detectable binding of either
MLE-15 or HC-11 nuclear proteins when used as an EMSA
probe.

FIG. 6. Identification of Sp1 and Sp3

binding in the Sp1 region with lung and

S mammary gland epithelial cell nuclear
protein. The Splwt domain oligonu-

cleotide was end-labeled and used in

) EMSA of nuclear proteins from MLE-
b 15 (A) and HC-11 (B) cells. Unlabeled
Spiwt domain oligonucleotide was used
as competitor in 100- and 50-fold mo-
lar excess. Antisera against Spl, Sp2,
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and SP3 were added 5 min before the
addition of probe of oligonucleotide.
Complexes formed with the unblocked
and unshifted nuclear proteins have
been designated CIV, CV, and CVI.
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Spl and Sp3 bind at two adjacent sites in the
hAOX proximal promoter

To determine how Spl and Sp3 bound in the KAOX proxi-
mal promoter, substitutions were introduced into the Spl do-
main oligonucleotide, 3 nt at a time and spanning the entire
oligonucleotide. Modified oligonucleotides Spla through Splj
were used as cold competitors in EMSA with the —1/—167
probe. In both MLE-15 and HC-11 cells, competition failed in
two sites of 6 nt each (Fig. 7A, B). The Sple and Sp1f defined
binding domain A, in which cold competition failed completely
for CI, CII, and CIII simultaneously. The Spli and Splj formed
domain B, in which competition also failed simultaneously for
CI, CII, and CIIL Substitutions at Spla, Splb, Splg, and Splh
had essentially no effect on competition efficiency. The Splc
and Spld exhibited some diminished competition efficiency.
However, domains A and B appeared to be important simulta-
neously to the formation of all three complexes. Analogous data
were obtained in both MLE-15 and HC-11 cells when using the
Spl domain oligonucleotide as a probe (Fig. 7C, D). The Sple
and Splf produced very poor competition, and Spli and Splj
were inefficient competitors. As with the —1/—167 EMSA
probe, all complexes formed with the Spl domain, oligonu-
cleotide probe (Fig. 7C, D) failed simultaneously and with
equivalent efficiency, despite being separated by 9 to 12 nt. For
example, the 3-nt substitutions at Sp1f produced an oligonu-
cleotide with essentially no competitive value for Sp1- or Sp3-
containing complexes, and markedly reduced competitive value
was obtained with Spl1j as well. These data strongly indicate
the cooperative nature of binding of both Spl and Sp3 to the
hAOX proximal promoter.

We corroborated these observations by using each substitu-
tion oligonucleotide as a probe in EMSA analysis (Fig. 8). In
this case, substitutions at Sple and Splf or Spli and Splj re-
sulted in failure or diminished capacity of the oligonucleotide
to form either Sp1- or Sp3-containing complexes. The CIV, CV,
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and CVI all failed to form with equivalent efficiency and si-
multaneously, regardless of cell type. Furthermore, none of the
three base substitutions that abrogated Sp1 and Sp3 binding re-
sulted in the formation of any new complexes. Interestingly,
substitutions of Sp1b and Sp1g resulted in improved binding of
all three complexes. These observations support the significance
of domains A and B for Spl and Sp3 binding and demonstrate
that binding is cooperative.

Refined localization of region B binding

Our data localized Sp1/Sp3 binding to the A and B regions
as described above. We suspected that the limits of region B
could extend further in the 3’ direction and, therefore, con-
ducted additional competition EMSA using nuclear proteins
from HC-11 and MLE-15 cells. Competitor oligonucleotides
Splk and Spll carry 3-bp substitutions of the Sp1wt2 oligonu-
cleotide. Each of these three double-stranded competitors has
a 5’ end exactly 6 bp 3’ of the Splwt oligonucleotide. Figure
9 shows that substitutions in Splk and Spll abrogated com-
petitive efficiency relative to Splwt2. Thus, region B binding,
like region A binding, spans 12 nt, with the most critical sites
being the 3’ 6 nt.

Spl and Sp3 are essential for activation of the
proximal promoter in hAOX

To determine if the Sp1/Sp3 sites identified in vitro were
functional in transfected cultured cells, we cotransfected HC-
11 cells with pAO-El and double-stranded phosphorothiolated
oligonucleotides as decoys for the Sp1/Sp3 region. The specific
decoy corresponded to Sp1wt, and the nonspecific decoy had a
random sequence that produced no identity matches when
BLAST analyzed through the NCBI DNA sequence database.
Figure 10A shows that the phosphorothiolate derivative of
Splwt blocked expression from pAO-E1 in concentrations from
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FIG. 7. Identification of critical protein-binding domains in the RAOX proximal promoter. (A, B) The —1/—167 proximal pro-
moter DNA was used as a probe in competitive EMSA with Spl-substitution oligonucleotides Spla through Splj using nuclear
proteins from MLE-15 (A) and HC-11 (B) cells. All competitors were present in 50-fold molar excess. The Spl domain oligonu-
cleotide was also used as a probe in competitive EMSA (C, D) with Sp1-substitution oligonucleotides and nuclear proteins from
MLE-15 (C) and HC-11 (D) cells. All competitors were present in 50-fold molar excess.
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FIG. 8. Cooperativity between the critical binding domains
of the hAOX proximal promoter. The native Splwt domain
oligonucleotide and each Spl-substitution oligonucleotide was
end-labeled and used as an individual probe in EMSA with nu-
clear proteins from MLE-15 (A) and HC-11 (B) cells. Lanes
for Sp1b and Splg received the same amount of probe and nu-
clear protein as all other lanes; these substitutions produced en-
hanced binding.

30 ng/ml to 100 ng/ml, whereas the nonspecific oligonucleotide
had little discernible effect on expression. This result indicates
that the Splwt domain is essential for expression of the proxi-
mal promoter in vivo.

To confirm and extend these data, substitution mutations
were introduced into pAO-El and pAO-E4 by converting do-
main A and domain B core hexanucleotides into Ndel restric-
tion sites (Fig. 10B). In each case, this action resulted in a 5 of
6 nt substitution. The substitutions correspond to changes
known to abrogate Sp1 binding and are similar, but not identi-
cal, to those used in competitive EMSA. Figure 10C demon-
strates that substitution mutagenesis of domain A in both pAO-
El and pAO-E4 resulted in nearly complete suppression of
luciferase expression. Independent domain B mutagenesis de-
creased expression 40% and 60% in pAO-E|1 and pAO-E4, re-
spectively. This finding confirms that the Sp1/Sp3 sites identi-
fied are essential for expression. The MI mutation was
consistently more suppressive than M2, despite their equivalent
effect on in vitro protein binding. Figure 11 summarizes the
structure of the hAOX proximal promoter as determined here.

Identification of an upstream silencer

The strongly negative sequence from —1978 to —2230 in
the hAOX upstream DNA suggested the existence of a silencer
element. Sequence analysis revealed no alterations in the hAQX
DNA from pAO-E10, indicating that the negative activity of
PAO-E10 was not the result of mutation or rearrangement dur-
ing cloning or PCR amplification. To confirm that the negative
activity of this region was not the result of defective cloning at
some site other than in the hAOX DNA, pAO-E10 was cleaved
with Kpnl, religated, and cloned. This produced a derivative
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with the 5’ terminus at —1524, a site 19 bp 5’ of the pAO-E7
5’ terminus. Also, pAO-E12 was deleted to —2230 using re-
verse PCR and recloning to reconstruct pAO-E10 from pAO-
E12. The reconstructed pAO-E10 produced luciferase activity
in MLE-15 and HC-11 that was essentially indistinguishable
from that produced by the original pAO-E10. Furthermore, re-
constructing pAO-E7 from pAO-E10 also generated a clone that
was expressed in both cells with essentially the same activity
as the original pAO-E7. This result confirmed that the activity
of pAO-E10 was not artifactual.

To determine if the region between —1978 and —2230 would
confer repression independently, it was amplified by PCR,
cleaved with Kpnl and Nhel, and subcloned in the forward di-
rection upstream of promoters in pGL3-promoter, pGL3-con-
trol, pAO-B1, and pAO-El (Fig. 12, top panel). the —1978 to
—2230 region repressed activity in each of these clones except
the pGL3-promoter plasmid (Fig. 12, bottom panel). Both pGL3
plasmids contain an SV40 promoter; they differ from each other
by the absence of a 3" enhancer in the pGL3-promoter plasmid.
The paradoxical activation seen here with incorporation of the
—1978/—2230 silencer into the pGL3-promoter is similar to the
action of another described silencer that can also serve as an
activator depending on its physical location in the reconstructed
gene (Shou et al., 1998). Nonetheless, the ability of the hRAOX
—1978/—2230 region to repress activity when placed 5’ of ei-
ther a foreign promoter or the hAOX proximal promoter iden-
tifies the silencer function of this domain.

DISCUSSION

The present observations extend our understanding of the
hAOX gene in several ways. First, we identified epithelial cells
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FIG.9. Improved localization of region B binding. The EM-
SAs were performed using nuclear proteins from MLE-15 (A)
and HC-11 (B) cells. Competitor oligonucleotides Splwt2,
Splk, and Sp1l were shifted 6 bp in the 3’ direction relative to
Splwt. All competitor oligonucleotides were present in 50-fold
molar excess of the —1/—167 labeled probe. The Splwt2 was
a less efficient competitor than Sp1wt, reflecting the minor im-
portance of the first 3 bp of Splwt for Sp1/Sp3 binding. This
can be seen in the reduced efficiency of competition with Spla
relative to Splwt.
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was determined. Triangles
show the nonspecific decoy
(5'-ACGCATTAGCTATTA
CGTACCTAGCATGCA-3").
Circles show the Splwt de-
coy. (B) Hexanucleotide sub-
stitutions of domain A (M1)
and domain B (M2). The M1
and M2 substitution muta-
tions were engineered into
both pAO-El1 and pAO-E4
promoter fusion plasmids. (C)
Results of transfection with
M1 and M2 promoter substi-
tution mutations. Six indepen-
dent transfections were per-
formed for each plasmid, and
the data have been normalized
to the promoterless parent,
pGL3-E. Standard deviations
of the un-normalized data
were, in each case, <10% of
the average value. The pAO-
E4 series consists of the plas-
mids pGL3-E (E), pAO-E4
(E4), pAO-E4M1 (M1), and
pAO-E4M2 (M2). The pAO-
E1 series consists of pGL3-E
(E), pAO-El (El), pAO-
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from the lung and the mammary gland that express AOX in cell
culture, consistent with observations demonstrating epithelial
expression in vivo. Second, we identified a structurally com-
plex region in the upstream region of hAOX containing se-
quences for a proximal promoter, enhancer sites, and a silencer
element, indicating the potential for complex regulation of AOX
gene expression. Third, we identified an essential role for the
transcription factors Spl and Sp3 in the proximal promoter in
the activation in epithelial cells.

An important conclusion from these studies is that lung and
mammary gland cells displayed great similarity in the means
of AOX expression and in the involvement of Sp1 and Sp3 tran-
scription factors in the proximal promoter. We observed es-
sentially no difference in expression between lung and mam-

EIM1 (M1), and pAO-E1M2
(M2).

pAO-E1

mary gland cells throughout the 2607 bp of upstream DNA stud-
ied here. Sites for the proximal promoter, activation, and si-
lencing were located on the same 5’ deleted clones. The regions
between —1288 and —1505 (pAO-E7) and between —1978 and
—2230 (pAO-E10) behaved as strongly negative sites in both
MLE-15 and HC-11 cells. The domain from —609 to —930
(pAO-E4) behaved as an activation or enhancer region in both
cells, and in both cells, little change in expression was detected
from —167 to —609 (pAO-El, pAO-E2, and pAO-E3).

We identified a proximal promoter in the region from —1 to
—167 bp. Both MLE-15 and HC-11 cells activated the proxi-
mal promoter 15 to 20 fold over the parental plasmid. There-
fore, the —1/—167 region contains sequences sufficient for
basal activation and transcription initiation. We identified a
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5’- GGATCTTAATTCAAGGCTTTCTCCGTTCGGGGTGGATGGGTTGGTACTITAGGC

B

L )

TCCAGCAAGCCCCGCCCCACTCGGCGGGTCGGTGCCGCCGGGTCCCAGGTGCCCG

Sp1/Sp3

Sp1/Sp3

CTACTTCCCAGAACCTCCGCCTCCCGCTCCGGGCCCTCGAACCAGCGCGGACACCA

+1

CCATG GAC CGG GCG TCC GAG CTG CTC TTC TAC GTG AAC GGC CGC AAGgtgageg

FIG. 11. Summary of the hAOX proximal promoter. The 12 bp corresponding to Sp1/Sp3 binding have been underlined. The
core hexanucleotide regions of domains A and B are indicated by dots and represent the nucleotides exchanged by substitution
mutagenesis. The arrow marks the novel! transcription initiation site identified in the present studies. The ATG starting AOX trans-

lation is indicated by +1.

transcription initiation site not previously detected in human
liver. Had the Inr at —298 bp been used in the transfected cells,
we would anticipate a dramatic fall in expression from pAO-
E2 (5’ terminus at —424) to pAO-El (5’ terminus at —167),
and this did not occur, consistent with our placement of the ini-
tiation site at —25 bp. Proximal transcription initiation sites
have also been for cultured HepG2 cells (Terao et al., 1998).
Thus, the selection of proximal transcription initiation sites may
reflect a common characteristic of cultured cells.

Nuclear protein binding in the proximal promoter did not ap-
pear to differ between lung and mammary gland cells. Neither
MLE-15 nor HC-11 nuclear proteins revealed binding to the
predicted TTF-1 or STAT sites. Instead, Spl and Sp3 formed
complexes of mobility indistinguishable from that of MLE-15
and HC-11 nuclear proteins. Furthermore, site-directed substi-
tution of the Sp! domain oligonucleotide revealed the same nu-
cleotides to be essential for Sp1 and Sp3 binding regardless of
the cell from which the nuclear proteins were prepared. We
draw the unexpected conclusion that lung and mammary gland
epithelial cells activate the hRAOX proximal promoter in very
similar, if not identical ways, and that Sp1 and Sp3 are central
to this process.

We had anticipated that transcription factors specific for the
lung or the mammary gland would be responsible in part for
activation of AOX in epithelial cells from these tissues. For ex-
ample, TTF-1 is the best-studied transcription factor mediating
lung-specific activation, and the hAOX upstream DNA contains
sites predicted to bind TTF-1 at —1664, —1523, —1243, —957,
—918, —649, and —477 and in the proximal promoter at — 163.
These sites match the consensus TTF-1 binding site from a low
of 91% identity to a high of 100% identity. The TTF-1 was ex-
pected to activate the hAOX proximal promoter in MLE-15 cells
but not in HC-11 cells, as the predicted TTF-1 binding site in
the proximal promoter appeared to be quite good (Bruno ef al.,
1995; Bohinski et al., 1994). Furthermore, AOX is dramatically
expressed in the lungs of several mammals, and TTF-1 is ex-
pressed and functional in the MLE-15 cells used here (Ikeda et
al., 1996), whereas it is not expressed in breast epithelia
(Holzinger et al., 1996). However, we found no nuclear protein
binding in the predicted TTF-1 region of the hAOX proximal

promoter using conditions in which TTF-1 is known to bind in
vitro (Ramirez et al., 1997). Thus, TTF-1 does not contribute
to activation of the proximal promoter.

Both STAT3 and STATS are important mediators of mam-
mary gland development (Philip et al., 1996). Either STAT3 or
STATS was expected to activate the hRAOX proximal promoter,
because this region contained an excellent match for the con-
sensus binding site for STAT factors, and the HC-11 cells ex-
pressing the hAOX proximal promoter are mammary gland ep-
ithelial cells. Nonetheless, the predicted STAT binding site in
the hAOX proximal promoter did not appear to contribute to
nuclear protein binding under the conditions employed in the
present study. Other transcription factors with important spe-
cific roles in the mammary gland include YY1 (Meier and
Groner, 1994) and MGF (Meier and Groner, 1994; Wakao er
al., 1994) that may mediate AOX regulation in HC-11 cells out-
side the proximal promoter.

The Spl and Sp3 factors were found to be essential to the
formation of all nuclear protein complexes with the RAOX prox-
imal promoter in vitro. Two sites were active in this region,
identified as domains A and B, lying at —96 to ~101 (A) and
—78 to —83 (B). We observed that binding of Sp factors was
cooperative. Independent substitutions in either domain A or
domain B resulted in the loss of nuclear protein binding to both
sites simultaneously and with equivalent efficiency, whereas
substitutions between sites did not diminish competition or pre-
clude nuclear protein binding. Thus, domains A and B func-
tioned cooperatively, not independently. The sequence in do-
main A corresponds to the consensus Sp! binding site, whereas
the sequence of domain B does not. It will be important to de-
termine how Sp! and Sp3 occupy these sites, as domain B may
represent a novel binding site perhaps related to cooperative
binding. We infer that Sp1 and Sp3 cannot be bound simulta-
neously in complexes CII and CIIl, because Sp1 antisera did
not affect the Sp3 (CIHI) complex and Sp3 antisera did not af-
fect the Sp1 complex (CII). Furthermore, domains A and B were
shown to be essential for luciferase expression from the fusion
plasmids pAO-El and pAO-E4 by substitution mutagenesis.
Whereas mutations in domains A and B behaved essentially the
same in vitro, in vivo, the domain A mutation was more sup-
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FIG. 12. Functional characterization of an hRAOX silencer. (Top) Structure of the silencer recombinant plasmids. SV40 = SV40
promoter in pGL3-promoter and pGL3-enhancer; AOX = hAOX proximal promoter —1/—167 in pAO-E1 or pAO-B1. P, pGL3-
promoter, P + 10, pGL3-promoter with silencer (—1978 to —2230) inserted upstream of the SV40 promoter; C, pGL3-control;
C + 10, pGL3-control with the silencer domain inserted upstream of the SV40 promoter, B1, pAO-B1; B1 + 10, pAO-B1 with
the silencer domain inserted upstream of —167; E1, pAO-E1; E1 + 10, pAO-E1 with the silencer domain inserted upstream of
—167. (Bottom) Recombinant plasmids in either pGL3 or pAO-B1 or pASO-E1 parents were transfected into HC-11 cells along
with pCMV-B-galactosidase. Luciferase activity was quantitated and normalized to 8-galactosidase and protein concentration 48

h later.

pressive than the domain B mutation. This may result from the
differences in the mutations used or may indicate a potential
for more complex protein interactions in vivo. In each case, mu-
tations were designed to convert the core Spl G:C box into an
A:T box consistent with disruption of Sp1 binding (Discher et
al., 1998; Hata et al., 1998). The mutations used in vitro con-
verted each domain into pure A:T sequences, whereas the Ndel
mutations used in vivo carry a C and a G residue in the first
and sixth positions. Nonetheless, we conclude that Sp1/Sp3 are

the critical transcription factors mediating activation of the
hAOX proximal promoter.

The Sp1 and Sp3 factors are well known to function jointly
in the expression of many genes and in many different cell sys-
tems (Rajakumar et al., 1998; Discher et al., 1998; Hata ez al.,
1998; Kida et al., 1999). Thus, Sp! is frequently found to ac-
tivate gene expression, whereas Sp3 can function in either ac-
tivation or repression (Majello et al., 1997; Kennett et al.,
1997). Hence, the relative levels of Spl and Sp3 can determine
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the outcome of their joint participation in the expression of some
genes (Apt ef al., 1996). On the other hand, the activation func-
tion of Sp3 could create a situation with Sp1 in which both pro-
teins served as activators (Noti, 1997; Ihn and Trojanowska,
1997). Complex combinatorial interactions between Sp1/Sp3
and TTF-1 or between Sp1/Sp3 and NF-1 or MZF-1 were found
to be necessary for cell-type-specific activation of various genes
(Toonen et al., 1996; Bohinski et al., 1994; Kida ef al., 1999).
Whether related mechanisms operate in the hAOX promoter is
at present unknown; however, the complex architecture of the
hAOX upstream DNA suggests the possibility of novel interac-
tions with Sp1/Sp3 in the proximal promoter.

The observation that the domain from —1978 to —2230 con-
tains a silencer element may offer important insight into the
mechanism of AOX expression and regulation. Although si-
lencer elements regulate the expression of many different genes,
a common function appears to be in the control of cell- or tis-
sue-type-specific expression. Epithelial silencer function has
been described for platelet-derived growth factor (Liu e al.,
1996), transferrin (Sawaya et al., 1996), lipooxygenase (O’Prey
and Harrison, 1995), and fibroblast growth factor (Gelfman et
al., 1998). It has been proposed that silencer elements stabilize
interactions between upstream sequences and activator sites
within a proximal promoter (Liu et al., 1996). Cell-type-spe-
cific activation of the silencer element, perhaps through spe-
cific protein binding or effects on native chromatin structure,
could thereby control activation from the proximal promoter.
Several nuclear proteins have been reported to activate silencer
elements, including Spl (Shou et al., 1998), YY1 (Ye et al.,
1996), and Oct-1 (Kim ez al., 1996). However, the highly A:T-
rich nature of the hAOX silencer element does not convincingly
predict binding by any of these factors, and further localization
of the KAOX silencer element should clarify potential protein
binding sites.

Our goals in the present analysis were to characterize fea-
tures in the AAOX upstream DNA that could confer regulation
of expression and to identify transcription factors that mediate
activation. This information should allow us to identify regu-
latory mechanisms not previously recognized. Hence, the ob-
servation that Sp1/Sp3 are essential for activation in the prox-
imal promoter is important, because these proteins can be
activated by growth factors (Kim et al., 1996; Chen et al., 1998;
Li et al., 1995; Greenwel ef al., 1997) and by cytokines inter-
leukin-1 and IL-6 (Ray er al., 1999), and they mediate combi-
natorial interaction with other cell-specific factors (Braun and
Suske, 1998). Furthermore, the potential for interaction between
the proximal promoter in hRAOX and an upstream silencer ele-
ment suggests complex regulatory mechanisms of expression.
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